Cerium Oxide as a Highly Effective and Durable High Temperature Desulfurization Sorbent. by Zeng, Yiding
Louisiana State University
LSU Digital Commons
LSU Historical Dissertations and Theses Graduate School
1999
Cerium Oxide as a Highly Effective and Durable
High Temperature Desulfurization Sorbent.
Yiding Zeng
Louisiana State University and Agricultural & Mechanical College
Follow this and additional works at: https://digitalcommons.lsu.edu/gradschool_disstheses
This Dissertation is brought to you for free and open access by the Graduate School at LSU Digital Commons. It has been accepted for inclusion in
LSU Historical Dissertations and Theses by an authorized administrator of LSU Digital Commons. For more information, please contact
gradetd@lsu.edu.
Recommended Citation
Zeng, Yiding, "Cerium Oxide as a Highly Effective and Durable High Temperature Desulfurization Sorbent." (1999). LSU Historical
Dissertations and Theses. 7030.
https://digitalcommons.lsu.edu/gradschool_disstheses/7030
INFORMATION TO USERS
This manuscript has been reproduced from the microfilm master. UMI films the 
text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer.
The quality of this reproduction is dependent upon the quality of the copy 
submitted. Broken or indistinct print, colored or poor quality illustrations and 
photographs, print bleedthrough, substandard margins, and improper alignment 
can adversely affect reproduction.
In the unlikely event that the author did not send UMI a complete manuscript and 
there are missing pages, these will be noted. Also, if unauthorized copyright 
material had to be removed, a note will indicate the deletion.
Oversize materials (e.g., maps, drawings, charts) are reproduced by sectioning 
the original, beginning at the upper left-hand comer and continuing from left to 
right in equal sections with small overlaps. Each original is also photographed in 
one exposure and is included in reduced form at the back of the book.
Photographs included in the original manuscript have been reproduced 
xerographically in this copy. Higher quality 6” x 9” black and white photographic 
prints are available for any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order.
Bell & Howell Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
800-521-0600
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CERIUM OXIDE AS A HIGHLY EFFECTIVE AND DURABLE 
HIGH TEMPERATURE DESULFURIZATION SORBENT
A Dissertation
Submitted to the Graduate faculty o f  the 
Louisiana State University and 
Agricultural and mechanical College 
in Partial fulfillment o f the 
requirements for the degree o f 
Doctor o f Philosophy
in
The Department o f  Chemical Engineering
by
Yiding Zeng 
B.S., Peking University, 1984 
M.S., Louisiana State University, 1997 
August, 1999
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 9945757
UMI Microform 9945757 
Copyright 1999, by UMI Company. All rights reserved.
This microform edition is protected against unauthorized 
copying under Title 17, United States Code.
UMI
300 North Zeeb Road 
Ann Arbor, MI 48103
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
To Kailian and Aaron
ii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ACKNOW LEDGEMENTS
First, I would like to express my sincere gratitude to Professor Douglas P. 
Harrison for his guidance, wisdom, and especially his great patience during the course 
o f  my study. Dr. A Maverick, Dr. Z. Bassiouni, Dr. A. Sterling, and Dr. F. Groves 
are acknowledged for their constructive advises when they served as my graduate 
committee members.
Mr. S. Zhang and Dr. F. Groves are also acknowledged for their participation 
o f the early phase o f this project. This research was supported by the U.S. Department 
o f Energy, Federal Energy Technology Center, Morgantown, under contract 
DRP21-94MC30012. I am particularly grateful to Mr. Tom Dorck o f DOE for his 
consultation and support throughout the project.
M ost importantly, I would like to thank my wife, Kailian, who has provided 
me with unconditional support and encouragement.
iii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
TABLE OF CONTENTS
D E D IC A T IO N ........................................................................................................................... ii
A C K N O W LED G EM EN TS...................................................................................................iii
LIST O F T A B L E S..................................................................................................................vii
LIST O F F IG U R E S ................................................................................................................vii
A B ST R A C T .............................................................................................................................. xii
C H A PTER  1. INTRO DU CTIO N  AND LITERA TU RE R E V IE W ...........................1
1.1 E n e r g y  R e so u r c e s  a n d  Ut il it y  M a r k e t ......................................................................l
1.2 IGCC Pr o c e ss  —  A New P r o m is e .....................................................................................2
1.3 H G D  Pr o c e s s  —  C r it ic a l  St e p  fo r  IG C C ’s S u c c e s s ............................................ 4
1.4 D ir e c t  Su l fu r  Re c o v e r y  D u rin g  So r b e n t  Re g e n e r a t io n .................................8
1.5 C a n d id a t e  So r b e n t s  f o r  H G D  Pr o c e s s ...................................................................... 9
1.6 C o m p a r is o n  o f  D iffe r e n t  H G D  Pr o c ess  w ith  D ir e c t  Su l fu r  Re c o v e r y . 13
C H A PTE R  2. TH ERM O DY N A M IC ANALYSIS........................................................21
2.1 G e n e r a l  R e m a r k s ................................................................................................................. 21
2.2 Re g e n e r a t io n  T h e r m o d y n a m ic s  —  E l e m e n t a l  Su l fu r  Re c o v e r y ..........25
2.3 S u l fid a t io n  T h e r m o d y n a m ic s  ( I ) — O r d in a r y  Appr o a c h  ................. 27
2.4  R e d u c e d  C e r iu m  O x id e s .................................................................................................... 33
2.5 S u l fid a t io n  T h e r m o d y n a m ic s  ( I I ) — G r e a t e r  H 2S Re m o v a l  Po ten tia l  37
C H A PTE R  3. EX PER IM EN TA L APPARATUS AND PRO CED U RE.................43
3. l E x pe r im e n t a l  Ap pa r a t u s  f o r  P h a se  I St u d y ......................................................... 43
3.1.1 Fixed-Bed Reactor System.................................................................................. 43
3.1.2 GC Setup and Calibration................................................................................... 48
3.2  E x pe r im e n t a l  Ap pa r a t u s  f o r  Ph a se  II St u d y .......................................................52
3.2.1 Fixed-Bed Reactor System.................................................................................. 52
3.2.2 GC Setup and Calibration....................................................................................54
3.3 E x pe r im e n t a l  Pr o c e d u r e s ............................................................................................... 58
3.3.1 Test Nomenclature................................................................................................ 58
3.3.2 Sorbent Preparation.............................................................................................. 59
3.3.3 Chemical Cleaning and Pre-reduction.............................................................. 60
3.3.4 Sulfidation, Regeneration and Non-reacting Tracer....................................... 61
3.3.5 C e0 2 Reduction Tests...........................................................................................62
C H A PTE R  4. EX PER IM EN TA L REG EN ERA TIO N  R E SU L T S......................... 63
4.1 C e r iu m  O x y su l fid e  P r e p a r a t io n ................................................................................. 63
iv
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4.2 CERIUM OXYSULFIDE REGENERATION.......................................................................66
4.2.1 The Effect o f  Temperature.................................................................................. 68
4.2.2 The Effect o f  SO2 Concentration........................................................................70
4.2.3 The Effect o f  Total Feed R ate .............................................................................72
4.2.4 Comparison at Constant SO2 Feed R a te ........................................................... 75
4.2.5 The Effect o f  Pressure...........................................................................................76
4.4 Conclusion.....................................................................................................................77
C H A PTER  5. EX PERIM EN TA L RESULTS O F SU L FID A TIO N ........................81
5.1 TECHNIQUES TO ACHIEVE LOW H2S MEASUREMENT.............................................. 81
5.1.1 Chemical Cleaning.................................................................................................81
5.1.2 Modifications o f  the Fixed-Bed Reactor System ............................................ 84
5.1.3 Flame-Photometric D etector............................................................................... 85
5.2 Reduction of C e0 2 to CeO„.....................................................................................86
5.3 Sulfidation of CeOn to Ce20 2S ..............................................................................86
5.3.1 The Effect o f  Temperature...................................................................................88
5.3.2 The Effect o f  Pressure...........................................................................................90
5.3.3 The Effect o f  Feed Rate on Sulfidation.................  92
5.3.4 The Effect o f  Pre-reduction................................................................................. 92
5.3.5 The Effect o f  Steam in the Feed G as .................................................................94
5.3. Conclusions................................................................................................................98
C H A PTER  6. EX PERIM EN TA L RESULTS O F M U LTI-CY CLE T E ST S  100
6.1 Ten-Cycle Te s t ......................................................................................................... 101
6.2 Twenty-five-Cycle Te s t ........................................................................................105
6.3 Conclusions............................................................................................................... i l l
C H A PTER  7. EX PERIM EN TA L RESULTS
USING O T H E R  C eO j S O U R C E S......................................................113
7.1 Description of Alternate C e0 2 Sorbents....................................................... 113
7.1.1 RP Sorbent............................................................................................................113
7.1.2 MC Sorbent.......................................................................................................... 114
7.1.3 MCC1 Sorbent......................................................................................................114
7.1.4 MCC2 Sorbent......................................................................................................115
7.1.5 WGW1 Sorbent................................................................................................... 115
7.1.6 WGW2 Sorbent................................................................................................... 115
7.1.7 WGW3 Sorbent................................................................................................... 116
7.2 Multicycle Test Using MC So r b en t ................................................................ 116
7.3 Sulfidation Test Results Using Alternate Sorbents............................... 120
7.4 Co n clu sion s............................................................................................................... 127
C H A PTE R  8. SUM M ARY, CONCLUSIONS, AND RECO M EN DATIO NS ...128
8.1 Summary of Experimental Resu lts ..................................................................129
8.1.1 Regeneration o f  Ce20 2S ..................................................................................... 129
8.1.2 C e0 2 Sulfidation.................................................................................................. 130
v
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
8.1.3 Sorbent Durability T ests ................................................................................... 132
8.2 C o n c l u s io n s ...........................................................................................................................133
8.3 R e c o m m e n d a t io n s  f o r  Fu t u r e  W o r k ....................................................................... 133
REFER EN C ES....................................................................................................................... 135
V ITA .......................................................................................................................................... 139
vi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF TABLES
Table 1-1. Characteristics o f  Metal Oxides Sorbents
(Williams and McMullan, 1997)........................................................................ 11
Table 1-2. Sulfur Capacities o f  Zinc-Based Sorbents........................................................12
Table 1-3. Summary o f  Process Material balances............................................................ 17
Table 2-1. Enthalpy and Free Energy Changes o f Cerium-Based Sorbent
Sulfidation and Regeneration Reactions...........................................................25
Table 2-2. Typical Compositions o f Shell, Texaco, and KRW gases............................. 28
Table 3-1. Specifications o f  Pure Gases...............................................................................45
Table 3-2. Ranges and Manufacturer’s Calibration Results o f M FCs........................... 45
Table 3-3. Temperature program for TGA Tests................................................................62
Table 4-1. “Standard” Parameters for Sulfidation............................................................. 64
Table 4-2. Ranges o f  Regeneration Parameters..................................................................67
Table 5-1. Comparison o f Compositions and Equilibrium Oxygen
Partial Pressures o f Experimental Gases and the Shell Gas..........................95
Table 6-1. Sulfidation and Regeneration Conditions for Multi-Cycle T ests ..............101
Table 6-2. Summary o f  Sulfur Material B alances............................................................I l l
Table 7-1. Summary ofReduction-Sulfidation Conditions
Using Alternate Ce02 Sorbents........................................................................ 121
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
LIST OF FIGURES
Figure 1-1. Energy Source Distribution for Electricity Generation
(Data from Markowsky, 1997)........................................................................... 3
Figure 1-2. Block Diagram o f  Integrated Gasification Combined Cycle Process..........3
Figure 1-3. Single-Stage Desulfiirization Process With DSRP
(from Portzer et al., 1997)................................................................................... 7
Figure 1-4. Two-Stage Desulfurization-Regeneration Concept.......................................14
Figure 1-5. H2S Breakthrough Curves (Data from Meng and Kay, 1987).....................15
Figure 1-6. Two-Stage Cerium Desulfiirization With SO2 Regeneration Process.......15
Figure 1-7. Single-Stage Zinc Desulfiirization With DSRP..............................................17
Figure 1-8. Comparison o f  Levelized Annual C ost.......................................................... 19
Figure 2-1. Free Energy o f Formation for CeC>2 as a Function o f  Tem perature .23
Figure 2-2. Free Energy o f  Formation for CeOi.j as a Function o f  Tem perature .23
Figure 2-3. Free Energy o f Formation for Ce2C>2 S as a Function o f Tem perature .24
Figure 2-4. Ce-O-S Phase D iagram ......................................................................................26
Figure 2-5. Ce2C>2 S Regeneration Thermodynamics.........................................................27
Figure 2-6. Equilibrium Oxygen Partial Pressure as a Function o f  Tem perature........29
Figure 2-7. Carbon Deposition Tendency as a Function o f
Temperature and Pressure.................................................................................30
Figure 2-8. Sulfidation Thermodynamics: Ce02-H2S Equilibrium................................ 32
Figure 2-9. Sulfidation Thermodynamics: CeOi.5-H2 S Equilibrium ..............................32
Figure 2-10. Reduction o f  CeO: to CeO„ as a Function o f Equilibrium Oxygen
Partial Pressure and Temperature (from Bevan and Kordic, 1964).........34
Figure 2-11. C e-0  Phase Diagram (from Sorensen, 1976).............................................. 35
Figure 2-12. Predicted Values o f  n in CeO„ as a function o f Temperature................... 36
Figure 2-13. Ce02 Reduction T ests ......................................................................................37
Figure 2-14. Sulfidation Thermodynamics: CeOn-tfcS Equilibrium ..............................39
viii
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 2-15. Free energy o f  formation for CeOi.72 as a Function o f Temperature 41
Figure 2-16. Sulfidation Thermodynamics: CeOi.72-H2S Equilibrium.......................... 41
Figure 3-1. Schematic o f  Fixed-Bed Reactor System........................................................44
Figure 3-2. Dimensions o f  Fixed-Bed Reactor................................................................... 47
Figure 3-3. Schematic o fG C  Sampling and Detecting System....................................... 49
Figure 3-4. TCD Calibration Curve for H2S .......................................................................51
Figure 3-5. TCD Calibration Curve for S 0 2 ....................................................................... 51
Figure 3-6. Schematic o f  Modification to fixed-Bed Reactor System............................53
Figure 3-7. Schematic o f  GC Sampling and Detecting System (Phase I I ) ................... 55
Figure 3-8. FPD Calibration Curve for H2S ( 0 - 3  ppm v)..............................................57
Figure 3-9. FPD Calibration Curve for H2S ( 3 - 1 5  ppm v)............................................. 57
Figure 3-10. FPD Calibration Curve for H2S (15 -  108 ppm v)...................................... 58
Figure 4-1. Typical Sulfidation Breakthrough Curves at Standard Conditions........... 65
Figure 4-2. Typical Regeneration Breakthrough Curves at Standard Conditions........68
Figure 4-3. Temperature Effect on Regeneration...............................................................69
Figure 4-4. S 0 2 Concentration Effect on Regeneration at 200 seem............................ 71
Figure 4-5. S 0 2 Concentration Effect on Regeneration at 100 seem.............................71
Figure 4-6. to.j as a Function o f S 0 2 Feed R ate................................................................... 72
Figure 4-7. Total Feed rate effect on Regeneration (Dimensional Time Scale)........... 74
Figure 4-8. Total Feed Rate Effect on Regeneration (Dimensionless Time Scale) 74
Figure 4-9. Comparison o f Regeneration at Constant S 0 2 Feed R ate.......................... 76
Figure 4-10. Pressure Effect on Regeneration (2% S 0 2) ..................................................78
Figure 4-11. Pressure Effect on Regeneration (4% S 0 2) ..................................................78
Figure 4-12. to.j as a Function o f Pressure............................................................................79
Figure 5-1. Pre-breakthrough Portion ofE arly  Sulfidation Tests....................................82
ix
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 5-2. Chemical Cleaning (H2/N 2) T es t......................................................................83
Figure 5-3. Typical Sulfidation Breakthrough Curves, FPD + TCD..............................85
Figure 5-4. Temperature Effect on Sulfidation................................................................... 89
Figure 5-5. Comparison o f Pre-breakthrough H 2 S Concentration from
This Work with Results from Meng and Kay (1987)....................................90
Figure 5-6. Pressure Effect on Sulfidation.......................................................................... 91
Figure 5-7. Feed Rate Effect on Sulfidation........................................................................93
Figure 5-8. The Effect o f  Pre-reduction on Sulfidation.................................................... 93
Figure 5-9. The Effect o f Steam on Sulfidation.................................................................. 96
Figure 5-10. Complete (FPD + TCD) Sulfidation Breakthrough Curves
Using Feed Gas Composition C ........................................................................98
Figure 6-1. Sulfidation Breakthrough Curves o f  Ten-Cycle test...................................102
Figure 6-2. Regeneration Breakthrough Curves o f Ten-Cycle T est............................. 103
Figure 6-3. Sulfur Material balances and to.s of Ten regeneration C ycles...................104
Figure 6-4. Sulfidation Breakthrough Curves for Twenty-Five-Cycle T e s t............... 106
Figure 6-5 Pre-Breakthrough Portion o f Twenty-Five Sulfidation C ycles................ 106
Figure 6-6. to.j o f Sulfidation in Twenty-Five-Cycle T es t..............................................108
Figure 6-7. Sulfidation Material Balances for Twenty-Five-Cycle T e s t..................... 108
Figure 6-8. Regeneration Breakthrough Curves for Twenty-Five-Cycle T est............109
Figure 6-9. to.j o f  Regeneration in Twenty-Five-Cycle T est.......................................... 109
Figure 6-10. regeneration Material Balances for Twenty-Five-Cycle T e s t............... 110
Figure 7-1. Pre-Breakthrough Portion o f Sulfidation Using RP and MC Sorbents... 117
Figure 7-2. Sulfidation Breakthrough Curves for Four-Cycle Test
Using MC Sorbent..............................................................................................117
Figure 7-3. Regeneration Breakthrough Curves Using RP and MC Sorbent..............119
Figure 7-4. Regeneration Breakthrough Curves for Four-Cycle Test
Using MC Sorbent..............................................................................................119
x
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 7-5. Sulfidation breakthrough Curves Using WGW1 Sorbent..........................122
Figure 7-6. Sulfidation Breakthrough Curves Using WGW2 Sorbent.........................124
Figure 7-7. Comparison o f Sulfidation Using WGW3, RP, and MC Sorbents 124
Figure 7-8. Comparison o f Sulfidation Using MCC1 and Mcc2 Sorbents..................126
xi
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
High temperature desulfiirization o f highly reducing coal-derived gases using 
cerium oxide sorbents is the primary object o f this dissertation research. Such a 
process may be used with the Integrated Gasification Combined Cycle (IGCC) if  H2S 
concentration may be controlled under 20 ppmv or with the Molten Carbonate Fuel 
Cell (MCFC) if  H2S concentration is less than 1 ppmv. The primary advantage o f 
cerium oxide over the first generation zinc-based high temperature desulfiirization 
sorbents which have been investigated for decades, is the potential to produce 
elemental sulfur directly during the regeneration phase o f  the process. Although C e02 
Although C e0 2 will react with H2S, the reaction thermodynamics do not permit H2S 
target level o f  20 ppmv to be reached. However, at high temperatures in a highly 
reducing gas, C e0 2 is reduced to a non-stoichiometric oxide, which is superior to 
C e0 2 in removing H2S. In addition, the use o f C e02 will eliminate many o f  the 
problems associated with zinc sorbents during the regeneration phase.
Experimental results were very promising. Rapid and complete regeneration 
using over the temperature range o f  500 to 700 °C was observed. Elemental sulfur 
concentrations as large as 20 mol% (considered as S2) in the regeneration product gas 
have been achieved. With feed rates corresponding to about 1.4 second reactor 
residence time, the H2S concentration was reduced to less than 10 ppmv at 
temperature as high as 850 °C and to near 1 ppmv at 700 °C.
The key to the economics o f  any high temperature desulfiirization process is 
sorbent durability in multicycle operation. No deterioration in performance was
xii
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observed in both 10- and 25-cycle tests. Effective complete sulfidation o f CeC>2 to 
Ce202S and subsequent regeneration back to CeC>2 was achieved in each cycle. Sulfur 
material balance closure during both the sulfidation and regeneration phases in both 
multicycle tests was quite good. The preliminary experimental results were used for 
process simulation and economic analysis in Zhang’s thesis. The two-stage process 
using cerium-based sorbent was found to be economically competitive with a single- 
stage process using zinc-based sorbent followed by a direct sulfur recovery process, if 
the cerium-based sorbent is sufficiently durable.
xiii
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CHAPTER 1. 
INTRODUCTION AND LITERATURE REVIEW
1.1 E n e r g y  R e so u r c e s  an d  U t il it y  M a r k e t
It is unanimously agreed that worldwide energy demand will increase due to 
increases in population, economic development, and technological advancement. An 
increase in global primary energy demand o f over 70% has occurred from 1970 to 
1995; estimates suggest up to a five-fold increase in demand compared with the current 
level by the year 2100 (Sage, 1998, Sage and Mills, 1998). Compared to natural gas or 
oil, the importance o f coal as an energy source will increase due to the fact that the 
proven coal reserves significantly exceed the proven gas or oil reserves. In addition, oil 
and gas are vital as feedstocks for the petrochemical industry and are considered to be 
too valuable to be burned.
Energy is a $560 billion per year business, accounting for 8% o f the gross 
domestic product o f the United States (Bajura, 1997). The coal industry itself 
pumps nearly $167 billion into the U.S. economy every year (Markowsky, 1997). 
Energy is the foundation o f the economy and its importance cannot be overlooked.
In the United States, the utility industry is entering a period o f major transition. 
Many licenses for conventional coal-fired power will expire around year 2005. At the 
same time, electricity consumption is expected to grow at a rate o f  about 1.8% annually 
over the next two decades (Markowsky, 1997). New laws and regulations impose 
more severe environmental constraints, which in turn are forcing regulated utility 
companies to revise their strategies for the future. The criteria for selecting new
1
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technologies will emphasize improving the thermal efficiency and lowering the cost 
while meeting all the safety and environmental criteria.
Coal currently is used to generate about 54% of the electric power in the 
United States, see Figure 1-1. Approximately 800 million tons of coal, which is about 
80% of the total coal consumption in the United States, are consumed annually to 
generate electricity (Markowsky, 1997). Even a 1% improvement in the thermal 
efficiency o f a coal-fired power plant is significant. Therefore, advanced coal-fired 
electric power generation systems such as the low emission boiler system (LEBS), high 
performance power system (HIPPS), integrated gasification combined cycle (IGCC). 
and pressurized fluidized bed combustion (PFBC) are being funded by US Department 
o f Energy (DOE) research, development, and demonstration (RD&D) programs 
(Bajura, 1997).
1.2 IGCC P r o c e s s  —  A N e w  P r o m is e
Among these advanced coal-fired power systems, the IGCC process is receiving 
increasing attention due to the promise o f higher thermal efficiency and reduced 
environmental impact compared to conventional coal combustion plants. As shown in 
Figure 1-2, the IGCC process combines coal gasification with electric power 
generation using both combustion and steam turbines. A number of contaminants, 
including particulate matter, tars, ammonia, halogens, alkalis, and sulfur species must 
be removed from the coal gas upstream of the combustor. Hot clean low/medium Btu 
coal gas is combusted in a combustion turbine, which drives an electrical generator. 
Hot flue gas from the combustion turbine then enters a heat recovery steam generator.
2
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Figure 1-1. Energy Source Distribution for Electricity Generation 
(Data from M ark o w sk y , 1997)
Sulfur By-product
Coal
Hot Clean Low Btu 
Coal Gas














Figure 1-2. Block Diagram o f Integrated Gasification Combined Cycle Process
3
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Some steam is used for the coal gasification. The remaining steam powers the steam 
turbine, which drives a second generator to produce electricity. The typical ratio of 
power output o f the combustion turbine to the steam turbine is around 70:30 (Scott 
and Carpenter, 1995).
According to Wolk and Holt (1994), current IGCC plants operate with an 
efficiency of about 43 ~ 45% (compared to about 35% for a conventional process). 
With improved gas turbines and high temperature gas clean-up technology, the IGCC 
efficiency may exceed 50% or even 60% (Schmidt, 1994, Brdar and Reuther, 1996). 
In addition to higher efficiency. IGCC also offers the advantages of lower 
environmental impact and smaller plant size compared to a conventional process with 
the same power output.
The economics of an IGCC plant is a function o f the degree of integration 
(Swanekamp, 1996). The more extensive the integration, the greater the thermal 
efficiency, but also the greater the cost and complexity, and the less the operating 
flexibility. A trade-off must be made between the thermal efficiency advantages of 
integration and the associated capital and operating cost.
1.3 HGD P r o c e ss  —  C r it ic a l  St e p  fo r  IG C C ’s S u cc ess
The major concern for the hot gas cleanup is to remove the sulfur content 
(mainly H2S), which is the object of this research. To meet environmental requirements 
and to avoid corrosion o f the combustion turbine blades, H2S concentration in the coal 
gas must be controlled at a level less than 20 ppmv (Siemens/KWU Company, 1997). 
Several liquid scrubbing processes are available for H2S removal to achieve this 20- 
ppmv target. These processes, however, do not integrate well with the IGCC process
4
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because they operate near ambient temperature. Energy lost by cooling the raw coal 
gas and then reheating the clean coal gas penalizes the process thermal efficiency and 
the process economy. Desulfiirization at elevated temperatures will minimize this 
penalty. Therefore. HGD is considered to be critical to the future development of the 
IGCC process.
HGD is based on the noncatalytic reaction o f H2S with an appropriate metal 
oxide sorbent. The reaction may be represented generically by
MeO(s) + H2S(g) ==> MeS(s) + H20  1-1
Thermodynamic properties o f metal oxides determine the percentage o f H2S which can 
be removed.
In addition to H2S removal potential, sorbent sulfur capacity, which is defined 
as grams of sulfur removed by 100 grams of sorbent, is an important property of the 
sorbent. Theoretical capacity is determined by reaction stoichiometry while achievable 
capacity is determined by reaction kinetics and completeness of regeneration. 
Economic considerations require that the sulfided sorbent be regenerable and the 
sorbent must possess chemical, physical, and mechanical stability to be able to 
withstand many sulfidation-regeneration cycles. The regeneration reaction that has 
received the most attention in the past is
MeS(s) + 1.5 0 2 = = >  MeO(s) + S 0 2(g) 1-2
Reaction (1-2) is highly exothermic which leads to reactor temperature control 
problems. Also, metal sulfate formation is favored at lower reaction temperatures 
under appropriate 0 2 and S 0 2 partial pressures; higher regeneration temperatures, 
which are required to prevent sulfate formation, may degrade the mechanical strength
5
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of the sorbent and accelerate sintering. It is necessary to use dilute O: by adding inert 
gas in the regeneration feed to control the temperature. As a consequence, the SO2 
concentration in the regeneration off-gas (ROG) is low, which introduces a new 
problem: How to convert SO2 into a usable form or dispose it in an environmentally 
acceptable fashion?
The Direct Sulfur Recovery Process (DSRP) developed by Research Triangle 
Institute (Portzer et al„ 1997), which is shown in Figure 1-3, is an option for the 
treatment of the ROG which typically contains 2% to 14% S 0 2 and balance N2. DSRP 
is a catalytic reduction process to recover elemental sulfur from S02-containing ROG 
using a slipstream of coal gas as reducing agent. The reactions involved in DSRP were 
represented by Dorchak et al. (1991):
2 H:(g) + SO:(g) = = >  (1/n) Sn(g) + 2 H20(g)  1 -3
2 CO(g) + S 0 2(g) = = >  (1/n) Sn(g) + 2 C 0 2(g) 1 -4
H2(g) + (1/n) S„(g) = = >  H2S(g) 1-5
2 H2S(g) + S 0 2 = = >  (3/n) Sn(g) + 2 H20(g)  1 -6
The DSRP was initially developed as a two-stage process using two catalytic 
reactors in series, each followed by a sulfur condenser. Gangwal and Chen (1994) 
claimed 99% elemental sulfur recovery using a two-stage DSRP. However, based on 
the results from later tests (Portzer and Gangwal, 1995, and Portzer et al., 1996), the 
second stage does not appear necessary. In DSRP, for every mole o f SO2, two moles 
o f reducing gas are used. A sulfur recovery o f 98% can be consistently achieved in a 
single stage with careful control o f the CG slipstream to ROG input ratio.
6
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Figure 1-3. Single-Stage Desulfurization Process With DSRP 
(from Portzer et al., 1997)
The DSRP adds additional processing steps and reduces the production rate of 
clean coal gas. DSRP introduces complexity to the operation because it requires 
stoichiometric gas input ratio to achieve the high elemental sulfur recovery. In 
addition, the DSRP cannot eliminate sulfate formation and sorbent degradation 
problems associated with oxygen regeneration.
Note that in reactions (1-3) to (1-6), the elemental sulfur is expressed as Sn 
because elemental sulfur has several allotropic forms. The most important allotropic 
forms are rhombic and monoclinic. At ambient temperature, rhombic sulfur is 
thermodynamically the most stable form; it has a puckered S8 ring structure. At higher 
temperatures, however, elemental sulfur may exist as S„, where n = 1, 2, ..., 8. When 
elemental sulfur exists as gas, S? is normally the most abundant form. Therefore, S3 
will be used to represent all gaseous sulfur allotropic forms from this point in this 
dissertation for convenience.
7
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1.4 D ir e c t  S u l f u r  R e c o v e r y  D u r in g  S o r b e n t  R e g e n e r a t io n
The primary objective o f this research project was to examine the feasibility of 
the direct production o f elemental sulfur during the sorbent regeneration step. 
Elemental sulfur can be separated by condensation and stored and transported easily. 
The sale o f elemental sulfur has potential to offset a portion o f the desulfurization cost. 
Most importantly, the direct production of elemental sulfur avoids many problems 
associated with oxygen regeneration and eliminates the need for further processing of 
the regeneration off-gas prior to atmosphere discharge.
Two possible concepts for direct production of elemental sulfur were identified. 
A brief discussion follows:
•  Regeneration With Sulfur Dioxide
Regeneration with SO2 may yield elemental sulfur directly by the reaction
2 MeS(s) + SOzig) = = >  2 MeO(s) + 1.5 Sj(g) 1-8
The problem associated with this concept is to identify metal oxides which possess the 
necessary desulfurization capability, whose sulfided forms are reactive with SO:, and 
are not limited by volatile metal formation. This reaction was investigated by Schrodt 
and Best (1979), Tseng et al. (1981), Anderson and Berry (1987), Patrick and Gavalas 
(1993), and Copeland (1993a, 1993b) with iron-, cobalt-, or tin-based sorbents. This is 
a unique regeneration reaction, which may produce elemental sulfur without side 
reactions and does not require additional processing. Theoretically, all sulfur removed 
from the coal gas can be recovered in elemental form by this regeneration concept. 
Tseng et al. (1981) and Patrick and Gavalas (1993) reported complete regeneration of
8
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FeS using a large excess of S 0 2. Thermodynamic analysis also suggested that sulfided 
cerium-based sorbent could be completely regenerated using S 0 2.
•  Partial Oxidation Regeneration
When regeneration occurs using H20 - 0 2 mixtures, especially under **02- 
starved” conditions, several reactions including the following as well as reaction (1-2) 
and (1-6) will occur:
MeS(s) + H20(g) = = >  MeO(s) + H:S(g) 1-7
This regeneration process was investigated by Joshi et al (1979), Grindley and Steinfeld 
(1981) and Huang et al. (1996) using iron-based sorbent. Recently, White et al. (1998) 
reported that approximately 75% of the sulfur from FeS was recovered in elemental 
form using a large H20 - to -0 2 ratio (200-to-l). The regeneration concept, however, is 
judged to be uneconomical because of the large steam requirements.
1.5 C a n d id a t e  S o r b e n t s  f o r  HGD P r o c e s s
A good sorbent should meet several requirements for the HGD process 
including:
• High H2S removal potential —  thermodynamically be able to reduce H2S from 
raw coal gas to the 20-ppmv-target level at high temperature;
• Good sulfur capacity —  theoretically determined by the stoichiometry o f the 
desulfurization chemistry while practically also determined by the kinetics o f the 
desulfurization process;
•  Reasonable cost o f the sorbent —  cost should be evaluated on the basis o f cost 
o f fresh sorbent divided by the life (cycles) o f the sorbent;
9
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• Ease of sulfur product recovery —  sulfur should be recovered as elemental 
sulfur.
No sorbent has been found to meet all the above requirements. Eight different 
metals —  Co, Cu, Fe, Mn, Mo, V, W, and Zn —  capable o f reducing the H2S content 
of coal gas, about 1 mol% (10,000 ppmv), to a level less than 100 ppmv (99% sulfur 
removal potential) have been identified (Westmoreland and Harrison. 1976). However, 
recovery o f sulfur in an economic and environmental friendly manner is as important as 
sulfur removal. Some trade-off must be made, that is, H:S removal efficiency may be 
sacrificed to be able to get elemental sulfur easily. In addition, sorbent durability and 
process capital and operational cost should also be considered.
For more than two decades, the development o f regenerable sorbents for high 
temperature coal gas desulfurization has focused on the testing and evaluation of 
transition metal oxides. Early studies focussed on the use of metal oxides at 
temperatures above 550 °C. However, there were few metal oxides capable o f meeting 
the performance requirements, and research emphasis has recently been shifted to 
temperatures as low as 350 °C (Williams and McMullan, 1997). Although the loss in 
thermal efficiency incurred by reducing the operating temperature is small, the capital 
cost of the heat exchanger will decrease the attractiveness o f the process.
Wiliams and McMullan (1997) summarized the characteristics o f several metal 
oxides sorbents which have been investigated recently, as shown in Table 1-1. They 
included cerium oxide based on results from early phases of this research. Oxides of 
iron, zinc, copper, tin, manganese, and cerium have all been investigated both as 
individual metal oxides and in mixed-metal oxide formulations. Note that in Table 1-1,
10
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
only manganese-, copper-, and cerium-based sorbents possess the potential to be used 
at temperatures above 800 °C.
Table 1-1. Characteristics o f Metal Oxides Sorbents (Williams and McMullan, 1997)
Sorbent




Tin Dioxide 350 ~ 500 400 -  500 85 < 1 0 0
Copper Oxide 350 ~ 550 650 70 < 2 0
Manganese Oxide 350 -  870 900 50 < 1 0
Iron Oxide 360 -  500 500 ~ 650 2 5 - 4 5 < 1 0 0
Zinc Oxide 480 -  540 500 -700 5 0 - 7 0 < 1
Zinc Ferrite 450 ~ 600 600 2 0 -  SO < 2 0
Zinc Titanate 450 ~ 750 600 ~ 750 4 0 - 6 0  | <10
Copper Chromite 650 ~ 850 n.d.a.* 4 0 - 8 0 < 1 0
Cerium Oxide 750 -  1000 600 90 < 1 0 0
* n.d.a. —  no data available.
Zinc-based sorbents have received much attention because o f their high sulfur 
removal potential and sulfur capacity. ZnO has been used in natural gas desulfurization 
at low temperature for decades. The thermodynamics of the ZnO-HiS reaction are 
such that the 20-ppmv ITS product gas concentration target for IGCC can be achieved 
at temperatures below 650 °C. The stoichiometric capacity of pure ZnO, 39 grams 
sulfur per 100 grams sorbent, is very large. The sulfidation reaction is rapid and ZnO is 
relatively plentiful and inexpensive (Harrison, 1998). The only serious problem 
associated with ZnO during the sulfidation phase is the tendency for ZnO to be reduced 
to volatile elemental Zn(g). This limits the application of ZnO to relatively low 
temperature (<550 °C) and low reducing power coal gas. A number o f zinc-based 
mixed metal oxide sorbents have been investigated extensively —  ZnFeiO*, 
xZnO TiOi, and Z-sorb from Phillips Petroleum, which is composed o f ZnO on a
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
porous matrix with a nickel oxide promoter (Gangwal et al., 1994). In the coal gas 
atmosphere, ZnFe20 4 is reduced to ZnO plus Fe20 4 (or FeO) and its performance is 
similar to ZnO. Addition o f T i0 2 stabilizes ZnO against reduction (Flytzani- 
Stephanopoulos et al., 1986) and extends the maximum operating temperature by 
approximate by 50 °C (Woods et al., 1990). This is achieved, however, with a loss of 
sulfur capacity (as shown in Table 1-2), increased cost o f sorbent preparation, and 
reduced sulfur removal potential. For example, at 700 K and 900 K, the equilibrium 
H2S concentrations are about 1.5 and 18 ppmv, respectively, over ZnO, compared to
5.6 and 58 ppmv over Zn2T i0 4 (Harrison. 1998).
Table 1-2. Sulfur Capacities of Zinc-Based Sorbents
Zinc-Based Sorbent Sulfur Capacity (gS/100g Sorbent)
ZnO 39.4
ZnFe20 4 39.8
xZ nO T i0 2 x = 2 . 0 26.4
xZ nO T i0 2 x = 1.5 23.8
xZ nO T i0 2 x = 0 . 8 17.7
The primary objective of this project was to investigate regeneration concepts 
which lead directly to elemental sulfur recovery. Therefore, a broader search o f metal 
oxides emphasizing elemental sulfur recovery in regeneration was done in the earlier 
phase o f this project (Lopez et al., 1994). Iron- and cerium- based sorbents were 
selected for experimental study. Regeneration o f FeS was studied by Lopez et al. 
(1997), Huang et al. (1997), and White et al. (1998). Since FeS regeneration requires a 
large steam to oxygen ratio to produce significant portions o f elemental sulfur, iron-
12
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based sorbent was judged to be uneconomical for direct elemental sulfur recovery. 
CeO: became the object of this research. The reasons for choosing C e0 2 are:
• According to thermodynamic analysis, the sulfided cerium sorbent. Ce20 2S. has 
great potential for complete regeneration with SO? to produce high 
concentrations and high yields o f elemental sulfur.
• Although C e 0 2 may not be able to remove H2S to the 20-ppmv level to meet 
1GCC specifications, a two-stage process, shown in Figure 1-4, using zinc- 
based sorbent as a polishing step may be used. C e 0 2 is used to remove the 
majority of H2S (>80%) from coal gas and easily release the sulfur in elemental 
form. When the off-gas from zinc-based sorbent regeneration is recycled to the 
gasifier. all sulfur removed from coal gas is ultimately recovered in elemental 
form.
• Experimental results (Meng and Kay, 1987) showed that in a highly reducing 
atmosphere cerium sorbent is capable of 99.9% H2S removal from coal gas, as 
shown in Figure 1-5.
While reasons 2 and 3 seem to be contradictory, the observations are justified 
and discussed in the next chapter.
1.6 C o m p a r is o n  o f  D if f e r e n t  HGD P r o c e s s  w it h  D ir e c t  S u l fu r  
R e c o v e r y
To evaluate cerium oxide as a novel sorbent, it is necessary to compare the 
process using cerium oxide with an existing process using an alternate sorbent to show 
the advantages and disadvantages o f both. A complete process flow sheet for a two- 
stage desulfurization process using cerium-based sorbent for bulk H2S removal
13




















Figure 1-4. Two-Stage Desulfurization-Regeneration Concept
followed by a zinc sorbent polishing step was synthesized by Zhang (1997) as shown in 
Figure 1-6. It is referred to as process A. Full details of the process analysis may be 
found in Zhang's (1997) thesis. The process analysis was based on thermodynamics 
and preliminary experimental results. The gasifier was assumed to be a Shell gasifier 
and is plotted in dashed lines to indicate that it was not included in the material and 
energy balance calculations. The raw coal gas from the gasifier, which was the feed 
gas to the HGD process, was assumed to contain 1% H;S. The entire sulfur content is 
recovered in elemental form because the product gas o f the stage II regenerator 
(containing SO;) is recycled to the gasifier as shown by the dashed line in Figure 1-6. 
Nominal operating conditions for the reactors and the coal gas and sulfur material 
balances are shown on the figure.
For comparison, a single stage desulfurization process using zinc sorbent with 
elemental sulfur recovery using the DSRP process, which is called Process B, was also 
simulated with the same Shell coal gas conditions as shown in Figure 1-7 (Zhang,
14
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Figure 1-6. Two-Stage Cerium Desulfurization With SO2 Regeneration Process
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1997). Nominal operating conditions and material balances are indicated on the figure. 
The overall process material balances are compared in Table 1-3. After both HGD 
processes, 6  lb/hr o f sulfur remained in the “clean” coal gas (-10  ppmv). The molar 
flow rate o f clean coal gas for Process B was 16330 lb-mol/hr, 500 lb-mol/hr less than 
that for Process A. This 500 lb-mol/hr was the slip coal gas stream used by the DSRP 
shown in Figure 1-3.
The major equipment items for each process were sized based on previous 
designs o f similar systems and capital costs were estimated thereafter. Purchased 
equipment cost estimates for all major process equipment items were based on 
equipment sizes or other equipment characteristics and cost factors from literature 
sources and informal vendor quotes. Process capital equipment cost includes such 
items as equipment installation, instrumentation, and piping, while the total capital 
requirement includes additional costs such as engineering fees, spare parts and working 
capital. The total capital requirement was estimated to be 493% of the purchased 
equipment cost using factors from Buchanan et al. (1994). With this multiplier the 
total capital estimates were $6.64 million and $13.22 million for the two-stage and 
single-stage processes, respectively.
The total operating cost is divided into fixed and variable operating costs. The 
fixed operating costs are independent o f the operating rate and include such items as 
operating and maintenance labor and administration. The variable operating cost is 
determined by the consumption and production rates o f raw materials, by-products, and 
utilities coupled with their unit costs. Operating costs were estimated on the basis of 
raw material and utility requirements with appropriate credits taken for production
16
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Figure 1-7. Single-Stage Zinc Desulfurization With DSRP
Table 1-3. Summary o f Process Material Balances
Process
Cerium Sorbent Zinc Sorbent
Two-Stage (A) Single-Stage (C) Single-Stage (B)
Coal Gas Feed, lbmol/hr 17,000 17,000 17,000
Sulfur Content, lb/hr 5,500 5,500 5,500
Coal Gas Product, lbmol/hr 17,000 17,000 16,500
Sulfur Content, lb/hr 6 6 6
H2S Concentration, ppmv 1 0 1 0 1 0
Elemental Sulfur Prod., lb/hr 5,494 5,494 5,489
Sulfur Discharge (S 0 2), lb/hr 0 0 5
17
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of excess steam and elemental sulfur. The dominant cost item in two-stage 
desulfurization with SO: regeneration was cerium sorbent replacement at $21.42 
million annually. All other costs were, in comparison, quite small. Zinc sorbent 
replacement was the largest operating cost item in the single-stage process with DSRP 
at $ 8  .62 million, but this is only 40% o f the estimated cerium sorbent replacement cost. 
The zinc sorbent cost was followed, in decreasing order, by the cost o f coal gas, 
nitrogen, boiler feed water, and power. The final cost comparison was based on the 
1 0 -year levelized costs, and the sensitivity o f the levelized cost to selected cost items 
was determined.
Sorbent cost, which is a function o f the sorbent unit cost and replacement rate, 
was the most important single cost item. Total levelized costs for the two-stage cerium 
process and single-stage zinc process with DSRP are compared in Figure 1-8. Unit 
costs for both zinc and cerium sorbents o f $8 /lb, $5/lb, and $3/lb were considered, and 
the sorbent replacement rate, expressed as percent o f the sorbent circulation rate 
between the fluidized-bed sorbers and regenerators, was varied between 1 % (average 
sorbent life of 100 cycles) and 0% (infinite sorbent life). The three solid lines represent 
the estimated cost o f the two-stage cerium process while the dashed lines represent 
single-stage desulfurization with zinc sorbent. Large sorbent replacement rates (small 
sorbent lifetime) favor the zinc sorbent process. For example, if the unit cost o f both 
sorbents is $5/lb, the breakeven sorbent replacement rate is about 0.25% (400-cycle 
average lifetime) and the estimated incremental busbar cost is about $ 8 . 8  million. 
Larger replacement rates increase the process cost and favor the zinc sorbent process 
while smaller replacement rates reduce process cost and favor the two-stage
18
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cerium sorbent process. The annual levelized cost becomes independent of the sorbent 
unit cost when sorbent replacement is not necessary, i.e., for infinite sorbent life. For 
the zinc sorbent process all lines approach a annual levelized cost of about $5 million 
while the lines for the cerium sorbent process converge to -$2.2 million. In other 
words, the cerium process has the possibility of showing a profit if the sorbent is 
sufficiently durable.
A third process, Process C, assumes that single-stage cerium desulfurization 
will be satisfactory for reducing the HjS concentration to required IGCC levels in a 
single step. As shown in Table 1-3, this assumption produces no significant changes in 
the overall material balance. However, the process is simpler and cost savings are
19
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produced. The secondary sorber and regenerator along with the zinc sorbent used in 
those units will not be needed. Steam and oxygen to the secondary regenerator are not 
needed. The value o f the clean coal gas will be increased since it is available to the 
power generation section at higher temperature. Finally, the desulfurization-sulfur 
recovery section will be uncoupled from the gasifier since recycle o f the secondary 
regenerator product gas is not required. The increased value o f the higher temperature 
coal gas and elimination o f the secondary regenerator recycle were not reflected in the 
economic evaluation, which includes only the capital cost reduction, elimination o f the 
zinc sorbent, and relatively minor changes in utility requirements and steam by-product 
rate. The estimated savings compared to the two-stage cerium process on a levelized 
cost basis is $350,000 per year. The significance o f this saving depends on the total 
process cost. If the cost o f the cerium sorbent is $5/lb and the required replacement 
rate is 0.5% of the circulation rate, the $350,000 savings is only a small percentage of 
the estimated annual levelized cost o f the two-stage cerium process of $20 million. The 
zinc sorbent process at an annual levelized cost o f about $13 million would still be 
more economical, although it is doubtful that either process would be commercially 
attractive. However, if the sorbent replacement rate is only 0.1% of the circulation rate 
and the unit sorbent cost is $5/lb, the $350,000 saving is more than 10% of the 
estimated $2.2 million annual levelized cost o f the two-stage cerium process. Both of 
the cerium options are more economical than the zinc process at these conditions.
20
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CHAPTER 2 
THERM ODYNAM IC ANALYSIS
2.1 G e n e r a l  R e m a r k s
According to the thermodynamic analysis (Lopez et al, 1994), the product of 
the sulfidation reaction using cerium-based sorbents is Ce20 2S (cerium oxysulfide) 
instead o f Ce2S2 or other form of sulfides:
2 C e0 2(s) + H2(g) + H2S(g) = = >  Ce20 2S(s) + 2 H20(g)  2-1
The literature (Kay et al., 1993) also suggests that pre-reduction before sulfidation may 
allow the above reaction to be separated into two steps. If CeO: can be reduced to 
CeiOj prior to sulfidation:
2 CeO is)  + H2(g) = = >  Ce2Oi(s) + H20(g)  2-2
Ce2OMs) + H2S(g) = = >  Ce20 2S(s) + H20(g) 2-3
Like many other sulfided sorbents, Ce20 :S  may be regenerated by reaction with 0 2. 
H ;0 , or S 0 2:
Ce20 2S(s) + 2 0 2(g) = = >  2 C e02(s) + S 0 2(g) 2-4
Ce20 2S(s) + 2 H20(g)  = = >  2 C e02(s) + H2(g) + H2S(g) 2-5
Ce20 2S(s) + S 0 2(g) = = >  2 C e02(s) + S2(g) 2-6
The problems associated with reaction 2-4 have been discussed in the previous chapter. 
The regeneration reaction 2-5 is actually the reverse o f the sulfidation reaction 2-1. 
With high H20  concentration and no H2 in the regeneration feed, reaction 2-5 may be 
driven to completion. The product o f this reaction, however, is H2S instead of 
elemental sulfur. A Claus reactor is required when elemental sulfur is the desired
21
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product. Regeneration with SO:, reaction 2-6, provides a very attractive route to the 
direct production o f elemental sulfur.
Thermodynamic properties o f cerium compounds are reported in many 
references such as Barin et al. (1973, 1977, 1993), Dwivedi and Kay, (1984), Fruehan, 
(1979), Gschneider et al. (1973), Sdrensen, (1976), and Knacke, (1991). Figure 2-1 
shows the free energy of formation, AGf, for CeO: as a function o f temperature from 
four data sources. AGj(CeO:) varies linearly with temperature, and, as shown in the 
figure, the data from each source are effectively identical. However, relatively large 
uncertainties were found when AGf for Ce: 0 3  and C e:0 :S  from different sources were 
compared. Three complete sources o f AGf for CeOi.5 (= 1/2 Ce^Oj) were found as 
shown in Figure 2-2. Although all are linear with temperature, there are considerable 
differences between the data sources. The most recent set of data from Barin et al. 
(1993), which is in the middle, was chosen for thermodynamic calculations. Three sets 
o f AG/ data for C e:0 :S , which are also linear functions of temperature, and a single 
point at 800 °C are shown in Figure 2-3. Gschneider et al. (1973) claimed that their 
data were accurate within ±64kJ/m ol while Fruehan (1979) claimed his data to be 
accurate within ±15 kJ/mol. Error bars corresponding to these values are shown on the 
figure. No claims regarding the errors associated with the data of Knacke et al. (1991) 
were found. The values from Gschneider et al. and Fruehan are quite close at lower 
temperatures but the difference increases as the temperature increases. All of Fruehan’s 
data are within the error bars reported by Gschneider et al. In contrast, all o f the 
Gschneider et al. data for T > 900 °C are outside Fruehan’s error bars. Data
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Figure 2-3. Free Energy of Formation for CeiOjS as a Function of Temperature
from Knacke et al. (1991), which are in the middle, were chosen for thermodynamic 
analysis since these results were most recent and fell within the error bars of both 
Gschneider and Fruehan.
Using the thermodynamic data o f cerium compounds from the above references 
and thermodynamic data of other species from Barin et al. (1993), the thermodynamics 
o f reactions (2-1) to (2-6) may be calculated. The enthalpy and free energy changes for 
the two sulfidation reactions (2-1) and (2-3) and three regeneration reactions (2-4) to 
(2-6), AH° and AG°, are shown in Table 2-1.
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Table 2-1. Enthalpy and Free Energy Changes o f  Cerium-Based Sorbent Sulfidation 
and Regeneration Reactions
Temp. °C AH°, kJ/mol AG°, kJ/mol
Reaction 2-1 2-3 2-4 2-5 2-6 2-1 2-3 2-4 2-5 2-6
500 15.60 -122.4 -778.4 -15.60 -54.35 -5.423 -102.8 -693.3 5.423 -42.67
600 14.75 -124.1 -778.8 -14.75 -54.30 -9.546 -98.59 -676.3 9.546 -40.34
700 14.00 -124.8 -779.1 -14.00 -54.49 -13.54 -94.28 -659.1 13.54 -38.00
800 13.36 -125.6 -779.5 -13.36 -54.86 -17.42 -89.86 -642.0 17.42 -35.63
900 12.84 -126.2 -779.9 -12.84 -55.39 -21.24 -85.36 -624.8 21.24 -33.19
1000 12.46 -126.9 -780.3 -12.46 -56.06 -25.00 -80.78 -607.5 25.00 -30.69
2.2 R e g e n e r a t io n  T h e r m o d y n a m ic s  
— E l e m e n t a l  S u l fu r  R e c o v er y
All three Ce20 2S regeneration reactions, 2-4, 2-5, and 2-6, are exothermic. The 
heat released by regeneration with S 0 2, reaction 2-6, is somewhat larger than that of 
regeneration with H20 , reaction 2-5, but is much smaller than the heat released by 
regeneration with 0 2, reaction 2-4. Regeneration o f  cerium oxysulfide, Ce20 2S, with 
S 0 2 has great potential for producing elemental sulfur because o f  favorable 
thermodynamics o f the reaction 2-6 (see AG° for reaction 2-6 in Table 2-1). However, 
the oxygen partial pressure o f  the regeneration gas must be controlled to prevent 
formation o f  cerium sulfate according to the phase stability diagram shown in 
Figure 2-4, which was calculated using HSC Chemistry (Roine, 1997). The dashed 
horizontal and vertical lines indicate that the oxygen partial pressure should be under 
I O'11 atm if S 0 2 partial pressure in the regeneration feed is about 1 atm.
If  S2 is used to represent elemental sulfur in the gas phase, the S2 concentration 
in the regeneration product is equal to the difference between the S 0 2 concentrations
25
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Figure 2-4. Ce-O-S Phase Diagram
of the feed and product gases according to the stoichiometry of reaction (2-6). The 
equilibrium mole fraction of elemental sulfur in the product gas versus the molar ratio 
o f SO2 to Ce^OiS at 600 °C and 25 atm is plotted in Figure 2-5. Complete 
regeneration is favored thermodynamically at all conditions shown; the process is 
limited not by thermodynamics, but by the condensation o f elemental sulfur which 
would tend to plug the reactor system. Although it should be possible to achieve 
complete regeneration using a SO2 to CejChS ratio o f about 2.5 : 1 with the product 
gas containing about 60% elemental sulfur, process analysis (Zhang, 1997) suggested 
that the concentration o f elemental sulfur in the product gas should be limited to about 
10 -  15% because o f heat transfer limitations associated with the exothermic 
regeneration reaction.
26
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Figure 2-5. Ce20 2S Regeneration Thermodynamics
2.3 S u l f id a t io n  T h e r m o d y n a m ic s  (I)
— O r d in a r y  A p p r o a c h
The equilibrium H2S concentration associated with the C e0 2-H2S reaction (2-1) 
is a strong function of temperature but a weak function of pressure because there is no 
change in mole numbers in the gas phase. The equilibrium H2S concentration also 
depends on coal gas composition, specifically the H20  and H2 concentrations. Three 
different coal gas compositions representing the products from a Shell oxygen-blown 
gasifier, Texaco oxygen-blown gasifier, and KRW air-blown gasifier are listed in Table 
2-2. The ratio o f (Hz + CO)/(HzO + COz) provides a measure o f the reducing strength 
of the coal gas while the elemental ratio C / ( 0  + H) provides a measure of carbon 
deposition tendency. Both ratios are considerably higher for the Shell gas.
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Table 2-2. Typical Compositions o f Shell, Texaco, and KRW gases
Components Composition, mol%
Shell Texaco KRW
CO 60 40 15
h 2 29 31 10
c o 3 2 10.5 5
h 2o 5 17 15
h 2s 1 1 1
n 2 3 - 54
n h 3 - 0.2 -
c h 4 - 0.3 -
h 2 + CO





The reducing strength may also be expressed as a function o f equilibrium partial 
oxygen pressure —  the lower the partial oxygen pressure, the higher the reducing 
strength. Figure 2-6 shows equilibrium partial oxygen pressures for the three coal 
gases as a function o f temperature. The equilibrium oxygen partial pressure was 
calculated using HSC Chemistry (Roine, 1997) with assumption that the activity 
coefficients of all species were 1 and all possible species were at global equilibrium. 
For all three coal gases, the equilibrium oxygen partial pressure increases with 
increasing temperature. At a fixed temperature, the equilibrium oxygen partial pressure 
for the Texaco gas is about 25 times that o f the Shell gas, and is only 1/6 that o f KRW 
gas. The equilibrium oxygen partial pressure is a weak function of total pressure.
The carbon deposition tendencies o f the three coal gases, which are expressed 
as maximum carbon deposition temperature as a function o f coal gas total pressure,
28
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Figure 2-6. Equilibrium Oxygen Partial Pressure as a Function of Temperature
were also calculated and are shown in Figure 2-7. The carbon deposition temperature 
was found using HSC Chemistry (Roine, 1997) with the assumption that the activity 
coefficients o f all species were 1 and all possible species were at global equilibrium. 
The general trend is the higher the temperature, the less the carbon deposition tendency 
while the higher the pressure, the higher the carbon deposition tendency. Below the 
dotted line, Area I, carbon deposition is favored by thermodynamics for all three gases. 
Between the dotted- and the dashed-lines, Area II, no carbon deposition should occur 
for KRW gas while carbon deposition is favored for both the Shell and Texaco gases. 
Between the solid- and the dashed-lines, Area III, carbon deposition is favored by 
thermodynamics only for the Shell gas. Above the solid line, Area IV, no carbon 
deposition should occur in any o f the gases.
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Figure 2-7. Carbon Deposition Tendency as a Function of Temperature and Pressure
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Equilibrium H2S concentrations in contact with CeO: as a function of 
temperature in the three coal gases are plotted in Figure 2-8. The equilibrium H:S 
concentrations for different sulfidation reactions were calculated using the AG° data 
from Table 2-1 with the following equations:
2-7
I H 2]p K
where a  = 2 and f}=\  are the stoichiometric coefficients of H :0  and H2. and K  is the 
equilibrium constant calculated from the following equation:
K  = e x p ( - ^ ~ ) 2-8
RT
The three curves are almost parallel and H:S concentration decreases as the 
temperature increases. H2S concentration also decreases as the reducing strength of 
the coal gases increases. Even in the Shell gas, the equilibrium H:S concentration is 
above the 20-ppmv IGCC target value. Therefore, a two-stage process has been 
proposed by Zhang (1997) as described in the previous chapter.
However, if CeO: could be reduced to Ce20 2 (= 2CeOi.5), the sulfidation 
thermodynamics would become extremely favorable as indicated by large negative AG° 
o f reaction 2-3 in Table 2-1. Unlike the reaction o f H2S with C e02, the H2S-CeOi.5 
reaction is exothermic. H2S-C eO u equilibrium, Figure 2-9, produces an increase in 
H2S concentration with increasing temperature for all three coal gases. The equilibrium 
H2S-CeOi.5 concentrations, however, are much lower than the 20-ppmv-target value in 
Shell gas at all temperatures and in the KRW and Texaco gases at temperatures lower 
than about 800 °C.
31















C e 0 2-H2S Equilibrium
P = 25 atm
700 800600 900
T em peratu re (°C)















r CeO, 5-Hj S Equilibrium
P = 25 atm
20 ppm target value
101
700 800 900600
T em perature (°C)
Figure 2-9. Sulfidation Thermodynamics: CeOi s-HiS Equilibrium
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2 .4  R e d u c e d  C e r iu m  O x id e s
CeO: is the stable form o f cerium oxide and no Ce2Oj exists under normal 
conditions. Can C e0 2 be reduced to CeO 1.5 in the coal gas atmosphere? If not. to 
what degree may C e 0 2 be reduced? In other words, what is the equilibrium value o f n 
in CeOn (2.0 < n < 1.5)? Is it reasonable to expect that CeOn possesses an H2S removal 
efficiency between that o f Ce0 2 and CeO) 5?
Figure 2-10, from Bevan and Kordis (1964), shows the equilibrium value of n in 
CeOn as a function o f temperature and the equilibrium partial pressure of oxygen. The 
equilibrium value o f n decreases with decreasing oxygen partial pressure and with 
increasing temperature. In other words, highly reducing atmospheres and higher 
temperatures favor a lower equilibrium value o f n. Similar experimental results have 
been reported by others, including Sprensen (1976), Iwasaki and Katsura (1970), 
Brauer et al. (1960), and Panlener et al. (1975).
A stability phase diagram of the C e-0  system, shown in Figure 2-11, was 
derived by Sprensen (1976), using the data from Bevan and Kordis (1964) and 
Panlener et al. (1975). Solid lines indicate distinct solid phases, dotted lines are for the 
uncertain phases. It is believed that the face centered cubic (fee) structure of C e0 2 is 
maintained and that defects are formed when oxygen removal begins. The boundary of 
this fee structure is CeOi.72 at temperatures above 685°C.
The equilibrium partial oxygen pressures for the three coal gases, shown in 
Figure 2-6, were used with Figure 2-10 to estimate the values o f n as a function of 
temperature with results plotted in Figure 2-12. The values o f n are greater than 1.72 
and the cerium suboxides may be considered as solid solutions o f CeOi.72 and C e0 2.
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Figure 2-10. Reduction o f C e0 2 to  CeO„ as a Function o f Equilibrium Oxygen partial 
Pressure and Temperature (from Bevan and Kordic, 1964)
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Figure 2-11. C e-0  Phase Diagram (from S0rensen, 1976)
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Figure 2-12. Predicted Values of n in CeOn as a function o f Temperature
A thermogravimetric analyzer (TGA) was used for a series o f  cerium oxide 
reduction experiments. In order to avoid carbon deposition, a gas containing 3.5% 
C 0 2, 40% Hi, and balance He, whose equilibrium partial oxygen pressure over the 
temperature range o f interest was similar to the Shell gas, was used for the reduction. 
Two sources o f C e 0 2 were used for the reduction experiments: C e0 2 from Rhone- 
Poulenc, Inc., France and from Molycorp, Inc., USA. The samples were heated at a 
rate o f 10 °C/min, which according to Sorensen (1976) is adequate to keep the 
reduction reaction at equilibrium. The experimental results o f n as a function of 
temperature are plotted in Figure 2-13 and compared with the predicted equilibrium 
values for the Shell gas. The two tests with each CeOi showed good reproducibility. 
The solid lines are the averages of the experimental results. The results for both CeOi
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sources are close to the predicted values and confirm that Bevan and Kordis (1964) 
data may be used to predict equilibrium values of n in CeO„.
2 .5  SULFIDATION THERMODYNAMICS (II)
— G r e a t e r  H2S R e m o v a l  P o t e n t i a l
Two alternate approaches to estimate the H2S removal potential of reduced 
CeO: (CeOn) were examined. The first approach was based on the equilibrium values 
o f n in CeOn. At high temperatures, C e0 2 will be reduced to CeOn in highly reducing 
atmospheres:
C e02(s) + (2-n) H2(g) = = >  CeO„(s) + (2-n) H20(g) 2-9
H2S removal by the reaction with CeOn may be represented by
2 CeO„(s) + H2S(g) + (2-3n) H2(g) = = >  Ce20 2S(s) + 2(n-l) H20(g) 2-10
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Figure 2-13. C e0 2 Reduction Tests
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As described by S0rensen (1976), the free energy of formation for CeOn, AG/,CeOn), 
can be estimated using enthalpy and entropy changes for reaction 2-9 given by Bevan 
and Kordis (1964). However, there are large uncertainties in estimating both the values 
o f n and the thermodynamic properties of CeOn when the results based on C e0 2 and on 
Ce20 2 are compared.
Results o f this analysis based on equilibrium values o f n in CeOn covering the 
temperature range from 523 to 1023 °C is shown in Figure 2-14. The upper solid 
curve in the figure represents equilibrium between CeO: and H2S in the Shell gas. This 
calculation served as the basis for evaluating the desulfiirization potential of cerium- 
based sorbents to this point. At about 523 °C, the equilibrium H2S removal is about 
90% (from 10,000 ppmv to 1,000 ppmv) and the removal efficiency increases with 
temperature. The bottom solid line represents equilibrium between Ce20 2 (CeOi.s) and 
H2S. This curve shows the limit of improvement in the thermodynamics of H2S 
removal which may be achieved by reducing C e0 2 to CeO„. The intermediate dashed 
curve represents the H2S-CeOn equilibrium concentration reported by Meng and Kay 
(1987). The triangular points near this line represent their experimental results. 
Although the composition o f the feed gas in Meng and Kay’s study was different from 
that o f the Shell gas, the equilibrium oxygen pressure was similar. The single square 
point represents calculated equilibrium H2S concentration in the Shell gas using Gibbs 
free energy o f formation data for CeO„ from Sorensen (1976). The single dot-dash line 
under the C e0 2-H2S curve represents the H2S equilibrium concentration with respect to 
CeOn, with the free energy o f formation of CeOn estimated from C e02 data.
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Figure 2-14. Sulfidation Thermodynamics: CeOn-H^S Equilibrium
The double dot-dash line near the middle represents the ITS equilibrium concentration 
with respect to CeO„, with the free energy of formation of CeO„ estimated from Cc^Oi 
data. No significant improvement in HiS removal is observed based on CeO: data, but 
large improvement in ITS removal is observed when the estimation is based on Ce20 3  
data. These latter results are reasonably close to Meng and Kay’s (1987) 
thermodynamic analysis and experimental results. According to this approach, for the 
Shell gas, the H2S target concentration o f 20-ppmv can be achieved at temperatures to 
about 1000 °C.
The second approach for estimating ITS removal potential o f CeO„ is based on 
the C e-0  system phase analysis. When CeO„ is considered as a solid solution o f C e0 2 
and CeOi.72, the equilibrium H2S concentration should be determined by the
39
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HiS-CeOi.72 equilibrium, with the assumption that the activity coefficient is 1 . Thus, 
only the free energy of formation for CeOi 72, dG /CeO ] 72), is needed for calculating 
the equilibrium H2S concentrations. Free energy data for CeOi 72 were found in Barin 
et al. (1977). However, the data were removed from the newer edition (Barin, 1993). 
/lG /CeO i.72) from Barin (1977) as a function o f temperature and a single value at 
1000 °C from Sqrensen (1976) are shown in Figure 2-15. Comparing the results of 
CeOi 72-H2S equilibrium and C e0 2-H2S equilibrium, it is believed that the Sorensen 
(1976) data is more reliable. A correction to the Barin (1977) data was made by simply 
shifting the data to the dotted line which is parallel to the Barin (1977) data and passes 
through the Sorensen (1976) data at 1000 °C. The fyS-CeOi 72 equilibrium curves in 
the Shell gas and in the “standard” 1% H2S, 10% H2, 89%N2 mixture used in the 
experimental phase of this study were calculated using the corrected zlG/CeOi 72) and 
are presented in Figure 2-16. Selected experimental results from this research using the 
“standard” mixture are shown as the squares. These results are close to the estimated 
equilibrium values indicated by the single-dot-dash line for the “standard” experimental 
mixture. Also using the CeOi.72 approach, the H2S target concentration o f 2 0 -ppmv 
can be achieved at temperatures to about 1000 °C in the Shell gas (dashed line).
Although there is considerable uncertainty in the thermodynamic analysis, 
especially in the CeO„-H2S equilibrium calculations, there appears to be a reasonable 
chance that cerium-based sorbent can be used to meet H2S concentration goals (< 20 
ppmv, perhaps even < 10 ppmv) in a single-stage desulfurization process. The 
experimental results from this research (presented later) and from Meng and Kay
40
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Figure 2-16. Sulfidation Thermodynamics: CeOi 7:-H 2S Equilibrium
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(1987) confirm this conclusion. This would increase the attractiveness of cerium-based 
sorbents in high temperature coal gas desulfurization processes compared to the two- 
stage process required if the reaction is between CeO? and HoS.
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CHAPTER 3 
EXPERIMENTAL APPARATUS AND PROCEDURE
3.1 E x p e r im e n t a l  A p p a r a t u s  f o r  P h a s e  I St u d y
The phase I study consisted o f the early experimental work on CeCF sulfidation 
and regeneration. The key characteristics o f the experimental apparatus and
configuration o f this phase study were as follows:
• All wetted parts, except the quartz insert and teflon separation column, were 316 
stainless steel;
• The same product gas line was used for both sulfidation and regeneration;
• The thermal conductivity detector (TCD) was used for gas analysis.
3.1.1 Fixed-Bed Reactor System
All sulfidation and regeneration tests using cerium oxide sorbent were carried 
out in a fixed-bed reactor system which is shown in Figure 3-1. Feed gas was prepared 
by mixing pure gases provided from high pressure cylinders, except for steam which 
was added as liquid, using a syringe pump, and vaporized in the heat traced feed line. 
Row rates o f pure gases were controlled using mass flow controllers (MFCs). The 
feed gas mixture entered from the top o f the stainless steel pressure vessel and flowed 
downward through the sorbent bed. A single-zone split-tube vertical furnace (Series 
3210), equipped with a temperature controller (Model 2010), made by Applied Test 
Systems, Inc., was used to control the reactor temperature. Product gases exited from 
the bottom of the pressure vessel and flowed through a heat-traced stainless steel line 
to a condenser, then through a series of filters for removing solids (mainly
43
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Figure 3-1. Schematic of Fixed-Bed Reactor System
elemental sulfur) and water, and finally flowed to the gas chromatograph (GC) for 
analysis.
Pure gases were provided by Matheson Gas Products, Inc. and The BOC Group, 
Inc. The specifications of the gases are listed in Table 3-1. The gas pressures were 
adjusted by regulators and the gases passed through dryers (except for FFS and S 0 2) 
and filters before entering MFCs. The reason for not using dryers for H2S and SO? 
lines was the long delay caused by absorption and desorption o f these two gases on the 
adsorbent; furthermore, a long time was needed to purge the system between 
sulfidation and regeneration cycles.
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Table 3-1. Specifications o f Pure Gases
Gases Grade/ID Provider Purity Regulator M ax. Delivery 
Pressure (psig)
n 2 5.0 BOC 99.998% CGA 580 2 ,0 0 0
SO2 UN 1079 Matheson 99.98% CGA 660 48 @ 20°C
h 2s UN 1053 Matheson 99.5% CGA 330 267 @ 20°C
h 2 5.0 BOC 99.999% CGA 350 2 ,0 0 0
Air Compressed BOC CGA 346 2 ,0 0 0
He 5.0 BOC 99.999% CGA 580 2 .0 0 0
The MFCs were made by Porter Instrument Co., Inc. They were re-calibrated 
by the manufacturer before installation. The specified accuracy o f MFCs was ± 17c of 
full scale. Ranges and manufacturer calibration results o f the MFCs are listed in 
Table 3-2. Check valves (CVs) were installed downstream of MFCs for all gases 
except H:S and SO2 as shown in Figure 3-1. Possible corrosion prevented us from 
using a CV for HiS, while the low vapor pressure of SO? limited the use of a CV on 
the SO2 line. Delivery pressure of SO2 was not high enough to overcome both the CV 
opening pressure and the pressure drop over the fixed-bed and product line.





Manufacturer Calibration Results, 
seem
25% 50% 75%
N2 (l) 201-AFASVCAA 0 - 1 ,0 0 0 251.67 504.90 742.74
N2 (2) 201-AFASVCAA 0 - 1 ,0 0 0 250.62 506.09 744.33
SO2 201-AFASECAA 0 - 5 0 12.48 25.44 37.25
h 2s 201-AFASKBAA
0<0 2.43 5.07 7.48
H2 201-AFASVCAA 0 - 2 0 0 50.29 100.67 149.62
Air 201-AFASVBAA 0 > 0 12.73 25.19 37.17
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The dimensions of the fixed-bed reactor are shown in Figure 3-2. The sorbent 
bed was supported on a quartz disk, which rested on three dimples inside the quartz 
insert. A layer o f quartz wool was placed at both the top and bottom of the sorbent 
bed. The packed bed consisted o f cerium oxide mixed with alumina. Cerium oxide 
(CeOi) from Rhone-Poulenc, Inc. was used in the phase I study. Little information on 
sorbent purity was provided by the manufacturers. However, results from 
thermogravimetric analysis (TGA) showed that Rhone-Poulenc CeOi contained about 
9% volatile species that were driven off during the heating cycle.
The product gases exited from a 1/8 inch stainless steel pipe at the bottom of 
the pressure vessel and flowed through 1/4 inch stainless steel tubing to the condenser. 
Both the pipe and tubing were heat-traced to prevent premature condensation of 
elemental sulfur and water. A minimum temperature o f 350 °C was maintained during 
the regeneration cycles. The condenser was filled with glass wool to promote heat 
transfer for the improved condensation o f elemental sulfur produced during the 
regeneration cycle. A series o f sintered stainless steel filters was installed to prevent 
elemental sulfur from entering the back pressure regulator (BPRi) and GC. Normally, 
product gases flowed through the 90p filter and the 7 |i filter between ball valves BV5 
and BVft. If this 7p. filter plugged, BV5 and BVfi were closed and BV4 opened so that 
the run could be continued and the filter element changed.
The system pressure was controlled using two back pressure regulators (BPRi 
and BPRi, Tescom Model No. 26-1767-24-215). BPRi controlled the reactor pressure 
while BPRi was used for feed gas preparation. When sulfidation or regeneration 
reactions were carried out, BV|, BV3, and BV4 were closed while the remaining BVs
46
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.














Figure 3-2. Dimensions of Fixed-Bed Reactor
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were open. Pressure indicators PIi and PI3 indicated system pressure upstream and 
downstream of the sorbent bed. Typical pressure drop was 2 to 5 psi given by the 
difference o f the two pressure indicators, PIi and PI3. The arithmetic average of PI) 
and PI3 was recorded as the reaction pressure. Compared to the pressure drop through 
the sorbent bed, the resistance o f the feed and product lines was negligible. BPR] was 
used to adjust the feed gas mixture pressure before the reaction began. With BV], 
BV3, BV5 and BV6 open and both BV2 and BV4 closed, the bed was pressurized with 
N2 and the feed composition was adjusted and pressurized while flowing directly to the 
vent. The reaction was initiated by closing BV| and BV3 and opening BV2, thus 
minimizing the disturbance and time delay when the feed gas mixture was redirected to 
the sorbent bed. From BPR2, product gases entered the GC at atmospheric pressure.
3.1.2 GC Setup and Calibration
A Shimadzu gas chromatograph, Model GC-14A. equipped with a thermal 
conductivity detector (TCD) was used for the product gas analysis. The GC-14A was 
controlled and the data was processed by EZChrom, the software provided by 
Shimadzu Co., which was installed on a PC.
Product gases entered port 2 o f the ten-port GC sampling valve as shown in 
Figure 3-3. During step one, the product gas flowed through a stainless steel sample 
loop and was vented to the hood, Figure 3-3(a). Helium, used as the GC carrier gas, 
was split into three streams: CW, Ci, and C2. Cref flowed continuously through the 
reference chamber o f the TCD. Ci entered port 5 and flowed from port 6 to column 2, 
which was an 8 feet long by 1/8 inch diameter teflon separation column,
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(b) GC Operation — Step Two
Ci, Ca, Cm: Carrier gases (Helium)
Column 1: Water trap column (PORAPAK O) 
Column 2: Separation column (CHROMOSIL 310)
Figure 3-3. Schematic o f GC Sampling and Detecting System
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CHROMOSIL 310, provided by Supelco. From column 2, Q  flowed to the analytical 
side of the TCD. C2 entered port 8 and flowed through port 7 to back-flush column 1, 
which was a 6 feet long by 1/16 inch stainless steel water trap column. HayeSep Q, 
provided by Supelco. Traces o f water vapor, which escaped the condenser, were 
carried out by O  to port 10 and vented through port 9. Step one was the preparation 
step for GC analysis.
Operation o f the sampling valve was controlled automatically by the EZChrom 
software. The length o f time at each valve position was determined by sample elution 
time, water trap column back-flush time, and the time required for product gas to 
replace carrier gas in the sample loop. When a sample acquisition period started, 
EZChrom actuated the ten-port pneumatic valve to the position indicated as step two in 
Figure 3-3(b). Q  entered port 5 and picked up a fixed volume of product gas 
contained in the sample loop between port 4 and port 1. From port 10. Ci carried the 
product gas sample to column 1 where water vapor was removed. Permanent gases, 
which were not retained in column 1, flowed through port 7 and port 6 to column 2, 
where the product gases were separated and analyzed by the TCD as they eluted from 
the column. After the last component was eluted, the ten-port valve was automatically 
switched to step one.
The TCD was calibrated using H2S/N2 and SO2/N 2 mixtures prepared from the 
component cylinders using the MFCs for composition control. The area counts under 
both the H2S and SO2 chromatography peaks were linear with respect to concentration, 
see Figure 3-4 and Figure 3-5. Linear regression of the data through the origin gave 
Y = 162200 X(%H2S) 3-1
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Figure 3-5. TCD Calibration Curve for S 0 2
51
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Y = 198200 X (% S02) 3-2
where Y is the area count under the corresponding TCD peak and X is the mole 
percent o f H2S or S 0 2, respectively.
The GC operation conditions were as follows:
• GC oven temperature: 95 °C;
• TCD temperature: 125 °C.
• Carrier gas delivery pressures: Ci: 3 atm
C2: 3 atm
Cref: 1 atm
3 .2  E x p e r im e n t a l  A p p a r a t u s  f o r  P h a se  II St u d y
Based on the experimental results of phase I. the following major modifications 
were made to the fixed-bed reactor system:
• Stainless steel wetted surface was minimized;
• Alternative lines were installed for sulfidation and regeneration product gases;
• A flame photometric detector (FPD) was added to GC system to permit accurate
measurement o f H2S in the 1 to 100 ppmv range.
3.2.1 Fixed-Bed Reactor System
As shown in Figure 3-6, a quartz liner was added inside the stainless steel
pressure vessel to minimize contact between H2S and the hot metal wall. The quartz
liner was similar to a long test tube. It was 32.5 inches long with a 1/4 inch diameter
hole in the flat bottom. The only hot metal surface left in contact with product gas
during the sulfidation cycles was the inside o f the 4-inch-long 1/8-inch pipe at the
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Line 2 (for sulfidation)
Figure 3-6. Schematic of Modification to Fixcd-Bed Reactor System
bottom of the pressure vessel. This pipe was at about 200 °C when the furnace was at 
800 °C during sulfidation.
Alternate product exit lines were used for the sulfidation and regeneration 
product gases. During sulfidation, the condenser was removed and only one 7 |i 
stainless steel filter was used. Between the stainless steel elbow at point A and the 
back pressure regulator (BPRi) at point B, two 1/4 inch teflon hoses with stainless steel 
overbraid, whose wetted surfaces were teflon, were used. Downstream of the back 
pressure regulator (BPRi), 1/8 inch teflon tubing was used to connect to the GC. The 
downstream pressure indicator, which was used in phase I, PI3 in Figure 3-1, was 
removed to minimize stainless steel wetted surface and dead volume. The reading from 
PIi was recorded as the bed pressure. The same product gas line used in the phase I 
study was used for regeneration cycles in phase II.
3.2.2 GC Setup and Calibration
The GC arrangement used in phase II is shown in Figure 3-7. The following
modifications were included:
• The sample loop material was changed from stainless steel to teflon;
• The water trap column was changed from a stainless steel HayeSep Q column 
to a teflon PORAPAK Q column;
• A flame photometric detector, Model FPD-14 from Shimadzu, was added in 
parallel with the TCD. Flow was controlled using an electrically actuated 
3-way solenoid valve, Parker Hannifin Co. SV-2 series. All wetted parts of the 
valve were teflon.
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(b) GC Operation — Step Two
Actuator: 115V Solenoid
Ci, Ca, Cnt: Carrier gases (Helium)
Column 1: Water trap column (PORAPAK Q) 
Column 2: Separation column (CHROMOSIL 310)
e Figure 3-7. Schematic o f GC Sampling and Detecting System (Phase II)
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The sample loop was changed several times during the phase II study as the 
appropriate operating conditions for both the FPD and TCD were sought. Each 
change required that the TCD and the FPD be re-calibrated. The TCD response for 
both H2S and S 0 2 was still linear.
An H2S/N2 mixture containing 108 ppmv H2S was purchased from Matheson, 
Inc. and served as the standard for FPD calibration. Diluting this standard with pure 
N2, using MFCs to control both flow rates, permitted the FPD to be calibrated between 
1 to 108 ppmv. Unlike the TCD response, the FPD response was quadratic with 
respect to H2S concentration. This quadratic behavior has been reported in the 
literature (Boatman et al., 1988). The calibration curve was divided into three 
concentration ranges shown in Figures 3-8, 3-9, and 3-10. The corresponding 
correlations are:
Y = 6.000X + 49.00 X2 ( 0 -  3 ppmv) 3-3
Y = -24.13X + 58.SOX2 (3 -  15 ppmv) 3-4
Y = 499.7X + 35.99X2 (15 -  108 ppmv) 3-5
where Y = area counts integrated under FPD curve;
X = H2S concentration in ppmv.
The GC operation conditions were:
• GC oven temperature: 95 °C;
• TCD temperature: 100 °C;
•  FPD temperature: 200 °C;
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Figure 3-8. FPD Calibration Curve for H2S ( 0 - 3  ppmv)
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Figure 3-9. FPD Calibration Curve for H2S (3 -  15 ppmv)
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5.0x105
V = 499.7 X + 35.99 X'4.5x10'
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Figure 3-10. FPD Calibration Curve for H2S (15 -  108 ppmv)
•  Carrier gas delivery pressures: C i: 3 atm (TCD); 2 atm (FPD)
C2: 3 atm (TCD); 2 atm (FPD)
Cref: 1 atm (TCD)
3 .3  E x p e r im e n t a l  P r o c e d u r e s
Experimental work included sorbent preparation, chemical cleaning, pre­
reduction, sulfidation, regeneration, non-reacting tracer tests, and TGA tests of C e02 
reduction. This section describes these procedures in detail.
3.3.1 Test Nomenclature
The nomenclature used to identify each sulfidation or regeneration test was as
follows: Cewxxyzz
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• All started with the letters Ce to indicate cerium-based sorbent;
• The first digit, w, indicated the phase o f study: w = 1 for phase I and w = 2 for 
phase II;
•  The second and the third digits, xx, were the run numbers. Each new charge of 
sorbent was considered to be a new run;
• After the run number, the value o f y = s or y = r was used to distinguish 
between sulfidation and regeneration;
• The last two digits, zz, designated the cycle number.
For example. Cel lOsOl was the first sulfidation cycle of the tenth run in the phase I 
study. Ce204r25 was the twenty-fifth regeneration cycle of the fourth run in the phase 
II study.
3.3.2 Sorbent Preparation
Excessive pressure drop through the sorbent bed occurred in preliminary 
sulfidation and regeneration tests when as-received CeOi powder was used directly. 
The following sorbent preparation procedure was adapted to control pressure drop:
• CeOi powder was pressed into tablets using a hydraulic press at 20,000 psi;
•  The tablets were then crushed and sieved with the 75 -  150 p. and 150 -  300 p 
sizes used in reaction tests.
The “standard” charge was a mixture o f CeOi and AI2O 3 with 2:1 ratio by 
weight. Normally, 6.000 ± 0.006 g of 150 ~ 300 p  particles of CeOi and 3.00 ±  0.03 g 
o f AI1O3 (Type F-20, 80 ~ 200 p, provided by Sigma Chemical Co.) were weighed and 
mixed physically. After placing the quartz disk and quartz wool inside the quartz
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insert, the CeCWAhCh mixture was added with gentle shaking to insure that no voids 
were present and that the C e0 2 and AI2O 3 were well mixed. The volume o f the sorbent 
bed would normally shrink about 10% after heating to 800 °C and remain almost 
unchanged afterward. The bed height was 2.50 inch for the fresh sorbent mixture, 2.20 
~ 2.25 inch after one sulfidation cycle, and 2.15 inch after 25 sulfidation and 
regeneration cycles.
3.3.3 Chemical Cleaning and Pre-reduction
Unexpectedly large prebreakthrough H2S concentrations occurred when 
sulfidation followed a regeneration test. The reaction between H2 in the sulfidation 
feed gas and elemental sulfur deposited downstream of the fixed-bed from the 
preceding regeneration tests was found to be the cause. Chemical cleaning procedures 
using both H2 and air were tested. It was found that chemical cleaning with air to 
convert elemental sulfur to S 0 2 was much faster than the procedure with the H2/N 2 
mixture. Chemical cleaning was undertaken immediately after all regeneration tests 
following C ell6 r02 . 50 seem of air flowed through the fixed-bed reactor system at 
5 atm with the bed temperature at 800 °C and the temperature of the heat-traced 
product gas line at 350 -  450 °C. Normally, the chemical cleaning with air lasted at 
least 1 2  hours after each regeneration cycle.
It was found that pre-reduction o f C e0 2 to CeO„ was a necessary step prior to 
sulfidation in order to obtain low pre-breakthrough H2S concentrations. Normally, pre­
reduction was performed in a sulfur free H2/N 2 mixture or in the sulfidation product gas 
atmosphere (sulfur-free coal gas in real process) at sulfidation temperature and
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pressure. For a single-cycle run, the pre-reduction was performed overnight. In multi­
cycle runs, the pre-reduction step was undertaken after air cleaning for at least 4 hours 
at sulfidation temperature and pressure.
3.3.4 Sulfidation, Regeneration and Non-reacting Tracer
Before a sulfidation reaction, valve BV2 was closed and the feed mixture flowed 
through BV3 and BPRi, see Figure 3-1. Proper flow rates were set by the MFCs and
the pressure was controlled by BPR]. The fixed-bed pressure was set by BPR2 when
pre-reduction was undertaken and was adjusted to the desired pressure shortly before 
the sulfidation started by opening BV|. To initiate the sulfidation reaction, the 
following actions were taken simultaneously:
• Start GC data acquisition;
• Close BV, and BV3;
•  Open BV2 to redirect feed gas to the fixed-bed reactor.
The regeneration reaction followed the same procedure except it was preceded 
by a nitrogen purge through BV| instead of a pre-reduction. Most regeneration cycles 
were carried out at 1 atm because o f the low S 0 2 delivery pressure. Higher pressure 
regeneration tests were achieved by using premixed 12% S 0 2/N2 mixture purchased 
from Quality Gas Products, Co.
Non-reacting tracer tests were performed at the conditions o f the corresponding 
sulfidation or regeneration tests. The bed packing was 80 -  200 p. A120 3 having the 
same volume as the C e0 2/Al20 3 mixture.
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3.3.5 CeO: Reduction Tests
A thermogravimetric analyzer (TGA, Cahn Instruments Inc., model 2000) was 
used for the CeCL reduction tests. The TGA system was previously described by 
Lopez (1996).
The reduction o f CeO: was monitored by recording the weight o f the sample 
(about 20 mg) as it was heated from room temperature to 1000 °C in a reducing 
atmosphere of 3.5% COi, 40% Hi and balance He. This composition was chosen 
because it provided an approximate match to the equilibrium oxygen partial pressure in 
the Shell gas over the temperature range o f interest. He was used as the carrier gas 
instead of Ni because it reduced the aerodynamic noise and permitted increased 
sensitivity in the electrobalance. CeOi from both Rhone-Poulenc, Inc. and Molycorp, 
Inc. were tested. The temperature program of the TGA is listed in Table 3-3.
Table 3-3. Temperature program for TGA Tests
Step Temperature, °C Time Note
Number Start End min
1 20 600 120 Heating in He, introduce the reducing mixture at 600 °C.
2 600 600 60 Isothermal in the reducing mixture.
3 600 700 20 Heating in the reducing mixture.
4 700 700 90 Isothermal in the reducing mixture.
5 700 800 20 Heating in the reducing mixture.
6 800 800 90 Isothermal in the reducing mixture.
7 800 850 10 Heating in the reducing mixture.
8 850 850 60 Isothermal in the reducing mixture.
9 850 900 10 Heating in the reducing mixture.
10 900 900 60 Isothermal in the reducing mixture.
11 900 950 10 Heating in the reducing mixture.
12 950 950 60 Isothermal in the reducing mixture.
13 950 1000 10 Heating in the reducing mixture.
14 1000 1000 30 Isothermal in the reducing mixture.
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CHAPTER 4. 
EXPERIMENTAL REGENERATION RESULTS
The primary objective o f this research project was to identify a sorbent which is 
capable o f producing elemental sulfur during regeneration and avoiding, or at least 
minimizing, the problems associated with zinc-based sorbents. The regeneration of 
cerium oxysulfide (CeiCLS) using SOj (reaction 2-6) to produce elemental sulfur 
directly is the key to the success o f the HGD process using cerium-based sorbent.
Most tests used CeCL from Rhone Poulenc as the starting material, but a limited 
number o f tests used CeOj from other sources. The results of the cerium sorbent 
studies are presented in four chapters. This chapter presents results from the 
regeneration tests using sulfided Rhone Poulenc C e(X  Two sets o f standard 
sulfidation conditions were used to produce Ce^CTS. The next chapter contains the 
results of the tests on the reduction-sulfidation phase o f the cycle using Rhone Poulenc 
CeOi. Regeneration was omitted from this series o f tests. Multicycle sulfidation- 
regeneration test results are then presented in Chapter 6. Descriptions o f CeO: from 
different sources and results from the limited number o f tests using other sources of 
CeO? are compared with the Rhone-Poulenc results in Chapter 7.
4.1 C e r iu m  O x y su l fid e  P r epa r a t io n
CeiCLS is unstable in air, and is not available commercially. Therefore, a 
sulfidation reaction, reaction (2-1) or (2-10), has to be performed prior to each 
regeneration test. Two “standard” sulfidation reaction conditions shown in Table 4-1 
were used. The only difference between the “standard” conditions was the
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temperature; 800 °C was used in Set I while 700 °C was used in Set II. Sulfidation 
pressure was set to 5 atm to minimize experimental complications. The H2S content of 
the feed gas was chosen to be 1% (10,000 ppmv) so that complete C e 0 2 sulfidation 
could be achieved in a reasonable time period (about 100 minutes) at a reasonable feed 
rate o f 400 seem (SV = 4000 hr'1, STP). Components such as H20 , CO, and C 0 2, 
which are found in coal gases, were not added to the feed gas to keep the experimental 
aspects o f the sulfidation phase as simple as possible. However, H2 was added as 
required by the sulfidation reaction and to minimize H2S decomposition at high 
temperature. The hydrogen concentration of 10% was chosen arbitrarily in the early 
experimental phase. This 1% H2S, 10% H2 and balance N2 mixture was later found to 
be a good choice because the equilibrium oxygen partial pressure and the H2-to-H20  
ratio in the sulfidation product gas using this mixture (1.6X1021 atm and 4.5, 
respectively) were reasonably close to those in the Shell gasifier product (7 .9xl0 '23 atm 
and 4.0 respectively). Both equilibrium oxygen partial pressures were calculated at 700 
°C and 5 atm, the experimental conditions.
Table 4-1. “Standard” Parameters for Sulfidation
Param eters Set I Set n
Temperature, °C 800 700
Pressure, atm 5 5
C e0 2 Charge, g 6.00 6.00
A120 3 Charge, g 3.00 3.00
%H2S 1 1
%h 2 10 10
%n 2 89 89
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Figure 4-1. Typical Sulfidation Breakthrough Curves at Standard Conditions
Sulfidation breakthrough curves under these two sets of “standard” conditions 
are shown in Figure 4-1. The shapes of the sulfidation breakthrough curves in this 
figure are typical. The sulfidation breakthrough curves may be divided into three 
sections: pre-breakthrough, active-breakthrough, and post-breakthrough. The pre­
breakthrough portion is the most important period of the sulfidation test because the 
H2S concentration in this section indicates the HiS removal capability of the sorbent. 
In some sulfidation tests, such as test Ce245s01 in Figure 4-1, the pre-breakthrough 
HiS concentrations were in the range o f 0.1% to 0.2% (1,000 to 2.000 ppmv). The 
reaction between the elemental sulfur deposited downstream of the reactor from the 
previous regeneration test and hydrogen in the sulfidation product gas was identified as
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the cause o f this high pre-breakthrough H?S concentration. Much lower pre­
breakthrough HiS concentrations, less than 0.01% (100 ppmv), were achieved in other 
tests, such as test C el 16s04 in Figure 4-1, when the sulfur contamination was removed 
before the sulfidation reaction was initiated. The slopes o f the breakthrough curves in 
the active-breakthrough section represent the overall kinetics o f the sulfidation 
reaction. The sulfidation reactions at both sets o f conditions were rapid. The post­
breakthrough steady-state concentrations of the two tests were close to 1%, which was 
the feed H2S concentration.
Results from a non-reacting (using cerium-free inert bed) tracer test at Set I 
conditions are also shown in Figure 4-1 for comparison. The area between the non­
reacting tracer curve and the sulfidation breakthrough curve is proportional to the 
amount of Ce20 2S formed. Numerical integration corresponded to 96% conversion of 
C e0 2 in test C ell6s04 . Details of the sulfidation reaction are discussed in the next 
chapter.
4 .2  C e r iu m  O x y su lfid e  R eg en e r a t io n
All regeneration tests were preceded by sulfidation at the conditions described 
in Table 4-1 and C e0 2 was almost completely converted to Ce^OiS. Regeneration 
parameters studied and the range of these parameters are summarized in Table 4-2. 
The key parameters were temperature, pressure, S 0 2 concentration and total feed rate. 
Most o f the regeneration tests, except those specifically designed to study the pressure 
effect, were performed at atmospheric pressure because o f the low vapor pressure of 
S 0 2 (3.38 atm at 20 °C). Higher regeneration pressures were achieved using a 
premixed SO2-N2 mixture.
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The regeneration reaction (2-6) is basically free o f side reactions. The major 
problem associated with the experimental apparatus during regeneration tests was 
elemental sulfur condensation and plugging of the lines downstream o f the reactor. 
Plugging did occur in some tests, especially when SO2 feed concentration was high.
Table 4-2. Ranges o f Regeneration Parameters
P aram eter Range
Temperature, °C 350 to 700
Pressure, atm 1.0 to 8.0
CeC>2 Charge, g 6.00
AI2O3 , g 3.00
% S 02 1 to 20
%n 2 99 to 80
Total Flow rate, seem 100 to 800
Typical regeneration breakthrough curves from a ten-cycle test (Cell6s01 
through C el 16sl0) are shown in Figure 4-2. Like the sulfidation breakthrough curves, 
the regeneration breakthrough curves are also divided into pre-, active-, and post­
breakthrough sections. In the pre-breakthrough portion, no SO2 was detected initially 
followed by a plateau of about 1.5% SO2 . The active-breakthrough portion is steep 
which indicates that the regeneration reaction is rapid. The post-breakthrough steady- 
state SO2 concentrations are in the range of 11.7% to 12.2% which are very close to 
the feed concentration o f 12% SO2 . The results from a non-reacting tracer test are also 
presented for comparison. Numerical integration of the area between the tracer and 
breakthrough curves gave an average of 101% Ce202S conversion to CeCF with a 
standard deviation o f 3%. Since little, if any, sorbent deterioration was found in this 
ten-cycle test, the effects o f temperature, total flow rate, and SO2 concentration were 
studied in multi-cycle runs.
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Figure 4-2. Typical Regeneration Breakthrough Curves at Standard Conditions
According to the stoichiometry o f the regeneration reaction, the mole fraction 
o f elemental sulfur (considered as S2) is equal to the difference in the S 0 2 mole fraction 
between the feed and product gases. Thus, for a substantial portion o f each test shown 
in Figure 4-2, the elemental sulfur content in the product gas was equal to or greater 
than 10.5%.
4.2.1 The Effect o f Temperature
The effect temperature on Ce^OiS regeneration was tested at atmospheric 
pressure. The feed gas contained 12% SO2 in N2 at a total feed rate o f 200 seem. No 
regeneration occurred at 350 °C, and little, if any, reaction occurred at 450 °C.
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Regeneration was rapid and complete throughout the 500 to 700 °C range as 
shown in Figure 4-3. The effect o f temperature was minimal. The time, t0.5, 
corresponding to 6% S 0 2 in product gas, which is 50% of the feed S 0 2 concentration, 
varied only between 17.7 minutes (at 500 °C) and 20.3 minutes (at 650 °C). The most 
significant difference was that in the two low temperature tests (500 and 550 °C), the 
S 0 2 concentration in the product was significantly greater than zero by the third sample 
at about 6 minutes. In contrast, at higher temperatures (600, 650, and 700 °C), the 
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Figure 4-3. Temperature Effect on Regeneration
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4.2.2 The Effect o f SO: Concentration
The effect o f SO: concentration was tested in multi-cycle test Cel20r01 
through C el20rl3 . Standard regeneration temperature (600 °C) and pressure (1 atm) 
were used. Results at “standard” regeneration conditions using 12% SO: at 200 seem 
from test Cel 16r01 are included for comparison. All sulfidation prior to regeneration 
was carried out at conditions defined as Set I in Table 4-1.
The effect o f SO: concentration using 2%, 4%, 8%, 12% and 16% at a feed 
rate of 200 seem are compared in Figure 4-4 where normalized SO: concentration, the 
ratio o f the SO: concentration of the product gas to that o f the feed gas, is plotted 
versus time. Therefore, the post-breakthrough concentration for each test should be 
1.0. All breakthrough curves exhibited the same characteristics. No SO: was detected 
in the product gas during the initial stages o f pre-breakthrough. This was followed by a 
SO: plateau at a normalized concentration of about 0.1 and then by active 
breakthrough to the post-breakthrough normalized concentration o f 1.0. The duration 
o f the period corresponding to zero SO: concentration and the time, t05, were both 
roughly inversely proportional to the SO? content of the feed gas.
As the SO: concentration increased, the duration o f the regeneration run 
decreased, and at 12% and 16% SO: the amount o f data collected before complete 
regeneration was quite limited. Hence, a second series of regeneration runs using a 
feed rate of 100 seem (half o f the previous feed rate), which should double the 
breakthrough time at the same SO: content, was carried out. The SO: concentration of 
the feed was varied from 4% to 20% and the resultant breakthrough curves are shown 
in Figure 4-5. The product gas concentration scale is again normalized. The general
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Figure 4-5. SO2 Concentration Effect on Regeneration at 100 seem
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Results from the two series o f tests are compared in Figure 4-6, where t0 .5 is 
plotted as a function o f SO? feed rate. Two important results are: (1) t0.5 is 
approximately equal at the same SO? feed rates (4, 8, or 16 seem) in the two series of 
ttests; (2) to.5 is inversely proportional to the SO? feed rate regardless o f SO? 
concentration or total feed rate.
Temp. = 600 °C 
Press. = 1 aim100
Feed Composition: 
SO,: 2% to 20%
N,: balance80
Total Feed Rate: 
I ' I 100 seem 





128 16 204 24 28 32
S 0 2 F e e d  Rate ,  ( s e e m )
Figure 4-6. to.5 as a Function o f SO? Feed Rate
4.2.3 The Effect of Total Feed Rate
When other parameters, including SO? concentration, are constant, the gas 
residence time in the packed bed is inversely proportional to volumetric feed rate. In 
addition, the SO? feed rate is directly proportional to the total feed rate. An increase in 
SO? feed rate should decrease the breakthrough time while a decrease in residence time
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should cause initial breakthrough to occur at an earlier time and decrease the slope o f 
the breakthrough curve.
Figure 4-7 shows the effect o f total feed rate at a constant 4% SO? feed 
concentration. At the lowest flow rate o f 100 seem, t0 .5 is 103 minutes. Doubling the 
flow rate to 200 seem, which also doubled the SO? feed rate, reduced t0.5 to 49 minutes 
without significantly altering the slope o f the breakthrough curve. When the flow rate 
was again doubled to 400 seem, however, t05 dropped to 29 minuets and the slope of 
the active breakthrough curve decreased significantly. The lack of direct inverse 
proportionality in t0.s is due to the delay time between feeding gases to the reactor and 
the time those gases reached the chromatograph sampling valve. Delay time 
corrections were not included in the data o f Figure 4-7. The change of the slope in the 
active-breakthrough portion, which is an indication of the overall kinetics of the 
regeneration, is caused by the change o f residence time. For this bed charge, the total 
flow rates o f 100, 200, and 400 seem correspond approximately to space velocities of 
1000, 2000, and 4000 hr'1 (STP), respectively. These results indicate that good 
regeneration results can be achieved at reasonable throughputs.
Similar results from other tests using 2% SO? at 600°C and 1 atm are shown in Figure 
4-8. Dimensionless time, t*, which in principle accounts for delay time and the change 
in SO? feed rate, is plotted in this figure. Delay time is defined as the time at which 
SO? concentration o f the non-reacting tracer curve reaches 80% of the feed 
concentration; dimensionless time is given by
73




3 6.00 g CeO.
3.00 g AIjO!
Temperature: 








60 100 120 1406 00 20
Time (min)
Figure 4-7. Total Feed Rate Effect on Regeneration (Dimensional Time Scale)
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Figure 4-8. Total Feed Rate Effect on Regeneration (Dimensionless Time Scale)
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where / is the dimensional time, to is delay time, and t£ is the theoretical time at which 
all CejOiS would be converted to CeOi by regeneration reaction (2-6) with complete 
removal o f SO2 . By using dimensionless time, breakthrough curves should 
approximately overlap, with increased slopes associated with increased residence times 
being the primary difference. The smaller slope associated with the 800 seem run is 
clearly evident and the three breakthrough curves cross at SO2 product concentrations 
o f 1%, 1.2%, and 1.6%, respectively, reasonably close to the theoretical 1% SO2 cross­
over point.
4.2.4 Comparison at Constant SO 2 Feed Rate
Results o f regeneration at constant SO 2 feed rate (16 seem) with varying total 
feed rate are compared in Figure 4-9. The ordinate in this figure is normalized SO2 
concentration. Since the SO2 feed rates are the same for all four tests, the resulting 
values o f to.5 should be the same, to.s, varied from 25.5 minutes to 28.9 minutes with an 
average o f 27.2 minutes. The slope o f the active breakthrough portion should decrease 
as total feed rate increases (residence time decreases). There was almost no difference 
in the slope o f the active portion o f the breakthrough curve at flow rates of 100 and 
200 seem; only about 3 minutes were required for the normalized product SO2 
concentration to increase from 0.2 to 0.8. At 400 seem, the slope o f the breakthrough 
curve decreased and about 10 minutes were required to traverse the same 
concentration interval; the slope o f the curve decreased once again at 800 seem and 
about 14 minutes was required.
75
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
0.8
Regeneration Conditions
6 00 g C eO , 
3.00 g A 1,0,0.6
Tem p * 600 'C  
P ress  * t atm
Feed Composition (balance N,) 
— 2N  SO, •  800 seem  
— 4** SO . 0  400 seem  
—e — 8% SO , •  200 seem  




4020 30 50 60 700
T i m e  (min)
Figure 4-9. Comparison o f Regeneration at Constant SO; Feed Rate
4.2.5 The Effect o f Pressure
Regeneration at elevated pressure was tested using a premixed cylinder containing 
12.0% SO;/N;, which was provided by Quality Gas Products Co. The sorbent for each 
high pressure regeneration tests was sulfided using Set II reaction conditions listed in 
Table 4-1, while the 1 atm regeneration tests used Set I sulfidation conditions. 
Regeneration pressures o f 1, 2, 4, and 8 atm were tested with the feed gas containing 
either 2% or 4% SO; in N;. Regeneration at higher pressures with higher SO; 
concentrations is desired in a commercial process. However, the sulfur condensation 
temperature is a function o f elemental sulfur concentration and total pressure. A 
maximum elemental sulfur (considered as S;) partial pressure o f 0.32 atm (8 atm x
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0.04) was produced according to the stoichiometry o f reaction (2-6). The temperature 
of the heat-traced product line was kept above 500 °C to prevent elemental sulfur 
condensation.
Results o f the pressure tests are shown in Figure 4-10 (2% SO2) and 
Figure 4-11 (4% SO;). The SO; breakthrough curves are quite similar at each 
pressure. In all cases, the SO; concentration was effectively zero for the first several 
samples. This was followed by a plateau of about 10% of the feed SO; concentration, 
and then by the active-breakthrough. The times required for the SO; concentration in 
the product gas to reach to.5 for both 2% SO; and 4% SO; in the feed are plotted in 
Figure 4-12. to.5 for 2% SO; ranged from 101 minutes at 2 atm to 116 minutes at 8 atm 
with an average of 107 minutes, while to.5 for 4% SO; feed tests ranged from 48.5 
minutes at 1 atm to 55.5 minutes at 8 atm with an average o f 52 minutes, which is 
approximately half o f to .5 for 2% SO;. Although the breakthrough times are somewhat 
scattered, the general trend is toward increased breakthrough time at higher pressure. 
This is caused primarily by the increased delay time at higher pressures.
4 .4  C o n c l u s io n
The regeneration o f C e;0 ;S  with SO; is rapid over a wide range of 
temperatures (500 to 700 °C), feed gas compositions (1% to 20% SO;), total feed rates 
(100 to 800 seem corresponding to space velocity about 1,000 to 8000 h r '1), and 
pressures (1 to 8 atm). All sulfur produced during regeneration is in elemental form. 
As much as 20% S; at 1 atm, and a maximum S; partial pressure o f 0.32 atm at 4% and 
8 atm have been produced. Regeneration pressures in most tests were limited
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Figure 4-10. Pressure Effect on Regeneration (2% SO2)
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Figure 4-11. Pressure Effect on Regeneration (4% SO2 )
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by the low vapor pressure o f SO? and tests above atmospheric pressure required that a 
premixed cylinder containing 12% SO 2-N2 be used. There is no fundamental reason 
why higher S? concentration and partial pressures cannot be produced except for the 
experimental difficulty o f preventing elemental sulfur condensation.
According to the process analysis (Zhang, 1997), optimal regeneration 
conditions would produce about 15% Si at 15 to 25 atm. This corresponds to 
elemental sulfur partial pressures from 2.25 to 3.75 atm. Pure elemental sulfur can be 
separated easily by condensation and excess SO2 may be recycled to the regeneration 
reactor. Problems associated with experimental limitations, such as low SOi vapor
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pressure and strong tendency o f the sulfur to condense and plug product lines, should 
be relatively easy to overcome in a large scale, continuous commercial operation.
The rate o f the regeneration reaction coupled with the large concentration of 
SO2 in the feed gas should be sufficient to insure that sorbent regeneration time is small 
compared to sulfidation time. That is, sorbent circulation rate determined by the 
sulfidation step could be easily regenerated in the allotted time.
In summary, all results from the CeiOiS regeneration using SO2 tests were 
extremely favorable.
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CHAPTER 5 
EXPERIMENTAL RESULTS OF SULFIDATION
According to thermodynamic analysis, reduced cerium oxide, CeO„ with
1.5 < n < 2.0, is capable o f removing H2S from highly reducing coal gas to less than 
20 ppmv, the IGCC target level. The experimental results o f Meng and Kay (1987) 
confirmed that less than 10 ppmv H2S could be achieved, as shown in Figures 1-5 and 
2-14. Note that the pre-breakthrough concentration 4 ng S/mL in Figure 1-5 is 
equivalent to about 3 ppmv while the breakthrough concentration, 200 ng S/mL. 
defined by Meng and Kay is equivalent to about 140 ppmv. The preliminary sulfidation 
results in this study showed that reaction procedure had to be refined, the fixed-bed 
reactor system had to be modified, and a highly sulfur-sensitive GC detector had to be 
used before high efficiency of ITS removal using cerium-based sorbent could be 
accurately determined.
5. 1 T e c h n iq u e s  t o  A c h ie v e  L o w  H2S M e a s  u r e m e n t
5.1.1 Chemical Cleaning
Typical sulfidation breakthrough curves have been shown in Figure 4-1. 
However, the early sulfidation tests in this study encountered an unexpectedly high pre- 
breakthrough H2S plateau o f about 0.1% (1,000 ppmv, test C ell6s02) as shown in 
Figure 5-1 where only the prebreakthrough portion o f the sulfidation curves are shown. 
The cause o f this plateau was identified as reaction between elemental sulfur deposited 
downstream of the sorbent bed and excess H2 in the sulfidation product gas:
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Figure 5-1. Pre-breakthrough Portion o f Early Sulfidation Tests
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H:(g) + S(s) ==> H2S(g) (5-1)
The elemental sulfur had deposited from previous regeneration tests. Therefore, a 
chemical cleaning procedure using H2/N2. via reaction (5-1), was tested as shown in 
Figure 5-2. Following regeneration test C ell6 r02 , the reactor and downstream tubing 
were heated to 800 °C and 350 °C, respectively. A sulfur-free gas feed containg 10% 
Hi in Ni was fed to the reactor system at a rate o f 150 seem. Initial H2S concentrations 
in excess o f 0.4% (> 4,000 ppmv) were measured. The H2S concentration then 
decreased to about 0.2% (~ 2,000 ppmv) and remained constant for about 2 hours. 
After the temperature o f the downstream tubing was reduced to 25 °C and the gas feed 
rate was increased to 400 seem (sulfidation test condition), the H2S concentration 
quickly decreased to about 0.01% ( -  100 ppmv).
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Figure 5-2. Chemical Cleaning (H2/N 2) Test
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Chemical cleaning using air was also tested. The air cleaning reaction is
0 2(g) + S(s) = = >  S 0 2(g) (5-2)
The air cleaning was found to be faster and more effective than the H2/N2 cleaning. An 
cleaning procedure using air at 800 °C and 5 atm with the downstream heat traced 
sample line at 350 °C was then adopted as a standard chemical cleaning procedure after 
each regeneration.
In Figure 5-1, the results o f tests C ell6s03  and C ell6 s0 4  show the effects of 
H2/N 2 and air cleaning, respectively. Careful examination o f the breakthrough curves 
o f C ell6s03  and C ell6 s0 4  shows very low H2S effluent concentration (< 0.01% or 
100 ppmv) for the first 17 minutes followed by a 0.01% to 0.05% (100 to 500 ppmv)
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plateau before total breakthrough. This low H2S concentration period, however, lasted 
longer (> 0.1 sorbent conversion) than Meng and Kay’s results (0.0079 sorbent 
conversion). The accuracy of the H2S concentrations less than 100 ppmv. shown in 
Figure 5-1, should be treated with suspicion since the sensitivity limit o f the TCD is 
about 100 ppmv for H2S. Therefore, the fixed-bed reactor system and the GC had to 
be modified to be able to measure low H2S concentrations accurately. Nevertheless, it 
is certain that the H2S concentrations o f about 0.001% (100 ppmv) were achieved.
5.1.2 Modifications of the Fixed-Bed Reactor System
Although the two chemical cleaning procedures were able to remove most 
elemental sulfur in the transfer line, sulfur contamination still existed in the condenser 
and filters where temperatures were low during the chemical cleaning. In order to 
measure H2S concentrations as low as 1 ppmv, sulfur contamination had to be 
completely eliminated. In addition, interactions between H2S and the inside surface of 
the sampling lines had to be minimized. The modifications to the fixed-bed reactor 
system for the phase II study were described in Chapter 3. The important changes 
included addition o f a quartz liner, alternate product lines for sulfidation and 
regeneration, use o f teflon lines to minimize contact between H2S and metal surfaces, 
and installation o f the flame photometric detector (FPD) to the chromatograph. In 
addition, most o f the sulfidation tests were terminated immediately after FPD 
breakthrough, and the regeneration phase o f the cycle was omitted when the sulfidation 
was the primary objective.
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5.1.3 Flame-Photometric Detector
Since the sensitivity limit o f the TCD for measuring H2S is about 100 ppmv, a 
FPD having a sensitivity limit about 1 ppmv H2S was installed in the GC. Figure 5-3 
shows a sulfidation breakthrough curve using the same reaction conditions as the three 
runs shown in Figure 5-1, and using both the FPD and TCD for product gas analysis. 
The H2S concentration, as measured by the FPD, was about 4 ppmv (shown by the left 
coordinate) for the first 23 minutes by which time the sorbent conversion was 
approximately 0.2. The next sample contained H2S content higher than the FPD 
saturation limit, about 100 ppmv. The TCD was activated immediately after the FPD 
became saturated. The data gap o f approximately 25 minutes was associated with the
140
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Figure 5-3. Typical Sulfidation Breakthrough Curves, FPD + TCD
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time required for the TCD to equilibrate after the carrier and reference gas flows were 
established and the detector power was turned on. The H2S concentration was in the 
range o f about 100 to 500 ppmv (shown by the right-hand side coordinate) before total 
breakthrough at about 100 minutes, when the sorbent conversion was approximately 
100%. It is necessary to keep in mind that 100 ppmv is the upper limit o f the FPD as 
well as the lower limit o f the TCD. Therefore, relatively large uncertainties are 
expected in the vicinity o f 100 ppmv.
5.2 R e d u c t i o n  o f  C e 0 2 t o  CeOn
Thermodynamic analysis in Chapter 2 showed that in a high temperature, highly 
reducing gas, Ce02 would be reduced to nonstoichiometric CeOn (n < 2) which should 
have a greater affinity for H2S than exhibited by C e0 2. The results o f reduction tests 
using a TGA have been described in Chapter 2. A 10% H2-90% N2 mixture at 
sulfidation temperature and pressure was used in a pre-reduction step prior to each 
sulfidation test, except for those sulfidation tests which were specifically designed to 
test the effect without pre-reduction.
5.3 Sulfidation of CeO„ t o  Ce20 2S
The early low H2S concentration period is o f primary interest because it 
illustrates the possibility o f using a single-stage desulfurization process to meet the 20- 
ppmv H2S requirement. Otherwise, a two-stage desulfurization process, which was 
described in Chapter 1, will be necessary. Therefore, most o f the desulfurization results 
discussed in this chapter focus on the early low H2S concentration period. For 
convenience, the time at about 25 minutes in Figure 5-3 when the FPD becomes 
saturated is referred as FPD breakthrough while the time at about 100 minutes when
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the H2S product concentration increases to the feed concentration is referred to as 
TCD breakthrough.
The emphasis in this series o f tests was to determine pre-breakthrough 
concentrations for the CeOn-HiS reaction. Product gas analysis was accomplished 
using the FPD and most tests were terminated when the FPD became saturated at 
about 100 ppmv. The effects o f temperature (600°C to 850°C), pressure (5 to 15 atm), 
gas feed rate (200 to 800 seem), and feed gas composition (including the addition of 
HiO) were investigated. In most tests the sorbent was pre-reduced in 10% H2/N 2 at 
the temperature and pressure o f the subsequent sulfidation. This ensured that the entire 
sorbent bed was fully reduced to CeOn before exposure to H2S. No pre-reduction step 
was included in other runs in which case reduction and sulfidation occurred 
simultaneously. Initial tests used the standard sulfidation feed gas composition of 1% 
H2S/10% Hi/balance N: at 400 seem. At these conditions FDP saturation occurred 
after about 25 minutes and the H2S concentration increased from quite low levels to 
above the FPD saturation limit in a single sample interval. In order to increase the 
amount o f data which was obtained prior to FPD saturation, the HiS feed 
concentration was decreased to 0.25% in later tests. Finally, varying concentrations of 
steam were added to the feed gas in an effort to more closely simulate a Shell gas 
atmosphere. Completely matching the composition o f  the Shell gas in the laboratory 
tests was impractical because o f the strong tendency for carbon deposition during feed 
gas preheating.
All results at the standard sulfidation pressure o f 5 atm were in agreement with 
expectation and theory. However, results o f higher-pressure tests at both 10 and
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15 atm were sometimes inconsistent and counter to expectation and theory. The 
reasons for this are not certain. In any event, the apparent problems were associated 
with breakthrough time; pre-breakthrough H2S concentration results were consistent 
throughout.
5.3.1 The Effect o f Temperature
The effect o f temperature on H2S removal efficiency using reduced C e0 2 
(CeOn, with n < 2) was tested using the FPD between 600 and 850 °C. The sorbent 
was pre-reduced in a 10%H2-N2 mixture at 5 atm and sulfidation temperature prior to 
each sulfidation. A pressure at 5 atm, total feed rate at 400 seem, and sulfidation feed 
composition o f 1% H2S/10% H2/89% N2 were used in all tests. Results from all tests 
except Ce212s01 at 600 °C are shown in Figure 5-4.
At 600 °C, the H2S concentration in all samples exceeded the FPD saturation 
limit. This is attributed to the kinetics o f the sulfidation reaction at 600 °C being too 
slow for equilibrium to be approached. In the remaining five tests, all initial H2S 
concentrations were below 10 ppmv and decreased with decreasing temperature from 
about 6 ppmv at 850 °C to less than 1 ppmv at both 650 and 700 °C. In each test the 
H2S concentration in the next sample exceeded the FPD saturation limit o f about 100 
ppmv. These results are consistent with the sulfidation reaction being exothermic and 
equilibrium being closely approached. Concentrations less than 1 ppmv were 
determined by extrapolating the FPD calibration curve. Therefore, the H2S 
concentrations measured at 650 °C and 700 °C should be treated with suspicion. 
Nevertheless, it is certain that the H2S concentrations in the vicinity o f 1 ppmv were 
achieved.
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Figure 5-4. Temperature Effect on Sulfidation
It is o f interest to note that the pre-breakthrough concentrations shown in 
Figure 5-4 compare quite well to previously published results from Meng and Kay 
(1987) at higher temperatures. This is illustrated in Figure 5-5 where HiS 
concentrations from the third sample o f each test in Figure 5-4 have been added to 
Figure 2-14. Although the feed gas composition used by Meng and Kay (1987) and in 
this study are different, and both are different from the Shell gas composition used to 
establish thermodynamic limits, the results are quite similar. The results o f this series of 
tests show that the 20-ppmv IGCC target can be achieved by the reaction o f CeOn 
(n < 2) with H2S in a single-stage reactor. These temperatures and gas reducing 
strength are well beyond the limits at which zinc-based sorbent may be used.
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Figure 5-5. Comparison of Pre-breakthrough H2S Concentration from This 
Work with Results from Meng and Kay (1987)
5.3.2 The Effect o f Pressure
In order to obtain more samples before FPD breakthrough, the H2S mole 
fraction o f the feed gas was reduced to 0.25% from 1%. The remainder of the feed gas 
was 10% H2 and balance N2. A temperature at 700 °C and 400 seem feed rate were 
used in this series o f tests. When the feed rate, H2S mole fraction, and temperature are 
constant, the gas velocity through the sorbent bed is inversely proportional to pressure 
but the H2S feed rate remains unchanged. Residence time and H2S molar concentration 
(moles per volume) in the sorbent bed are directly proportional to pressure. The higher 
H2S concentration and increased residence time within the sorbent bed associated with
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higher pressure should increase the slope o f the breakthrough curve but have little 
effect on the breakthrough time. However, it is impossible to compare the slopes of 
the FPD breakthrough curves because of the small concentration range associated with 
FPD saturation.
The effect o f pressure on sulfidation is shown in Figure 5-6, where runs 
Ce215s01 (5 atm), Ce233s01 (10 atm), and Ce224s01 (15 atm) are compared. For the 
purpose o f comparison, the FPD breakthrough time is defined as the time at which H2S 
concentration reaches 20 ppmv, the IGCC target level. Delay time should increase 
with increasing pressure, but otherwise pressure should have little effect on FPD 
breakthrough time. The breakthrough times occurred at about 120 minutes at both 5
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Figure 5-6. Pressure Effect on Sulfidation
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and 10 atm. However, the 210 minutes breakthrough time at 15 atm was totally 
different. A possible explanation for this unexpected result is malfunction o f the H2S 
mass flow controller because o f the relatively small difference between the H2S vapor 
pressure (17.8 atm) and reactor pressure (15 atm). However, there is no proof of 
malfunction. It is significant, however, that all prebreakthrough H2S concentrations 
shown in Figure 5-6 are approximately 1 ppmv at all pressures.
5.3.3 The Effect of Feed Rate on Sulfidation
An increase in feed rate at constant H2S mole fraction will reduce the bed 
residence time and increase the H2S feed rate. The increased H2S feed rate and 
decreased residence time are expected to cause earlier initial breakthrough.
In runs Ce220s01, Ce233s01, and Ce234s01 the sulfidation feed rate was varied 
between 200 and 800 seem at 700 °C and 10 atm. The results are shown in Figure 5-7. 
The effect o f feed rate on breakthrough time agreed with expectation. The FPD 
breakthrough time was halved from ~280 minutes for 200 seem in run Ce220s01, to 
~ 125 minutes for 400 seem in run Ce233s01, and reduced again to -7 0  minutes for 800 
seem in run Ce234s01. Once again, all prebreakthrough H2S concentrations were 
approximately 1 ppmv for all flow rates.
5.3.4 The Effect o f Pre-reduction
The results o f sulfidation with and without pre-reduction are compared in 
Figure 5-8. In tests Ce215s01 (with pre-reduction) and Ce232s01 (without pre- 
reduction) the same sulfidation conditions, as shown in the figure, were used. With 
pre-reduction the H2S concentration remained near the 1-ppmv level for about 115
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Figure 5-8. The Effect o f Pre-reduction on Sulfidation
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minutes. Without pre-reduction, there was an early peak in the H2S concentration at 
33 ppmv followed by a decrease to less than 5 ppmv between 20 and 115 minutes. 
FPD breakthrough then occurred at 120 minutes.
The following explanation is proposed to explain the performance difference. 
With pre-reduction, the entire bed consisted o f CeO„ (n < 2.0) before being exposed to 
H2S, with the value o f n depending on the temperature and H2 concentration during 
reduction. Without pre-reduction, the entire bed was C e0 2 at the beginning of the test 
and reduction and sulfidation occurred simultaneously. The early H2S peak was 
associated with incomplete reduction. However, because o f the large H2 to H2S ratio, 
reduction occurred downstream of the sulfidation reaction front and the subsequent 
reaction was between H2S and CeOm (m < 2.0). The value of m is expected to be 
larger than the value o f n since with pre-reduction all C e 0 2 was exposed to 10% H2 
reducing gas with no H20  present. Without pre-reduction the upstream reaction of 
H2S consumed a small quantity o f H2 and produced H20 . The reducing strength of this 
product gas was lower so that m > n and H2S removal potential was reduced.
Even though sulfidation performance suffered somewhat without pre-reduction, 
during most o f the prebreakthrough period, the H2S concentration was below the 20- 
ppmv-target level.
5.3.5 The Effect o f Steam in the Feed Gas
In this series o f sulfidation tests, steam of varying concentration was added to 
the reactor feed gas. Steam was expected to affect sulfidation performance in two 
ways —  first as a product o f the sulfidation reaction and secondly by altering the 
reducing power o f the gas. Three gas compositions containing steam (Gas A, Gas B,
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and Gas C) were tested to compare performance with the steam-free feed gas (Gas N), 
as shown in Table 5-1. The composition o f Shell gas (Gas S) is also included in the 
table for comparison. No CO and COi were used in the simulated “coal” gas because 
o f possible carbon deposition during heat up.
Table 5-1. Comparison o f Compositions and Equilibrium Oxygen Partial Pressures o f
Experimental Gases and the Shell Gas
Component Gas N Gas A Gas B Gas C Gas SFeed Composition, mol%
H2S 0.25 0.25 0.25 0.25 1
h 2o 0 2.5 3.5 6.5 5
h 2 10 50.25 50.25 28.25 29
CO 0 0 0 0 60
c o 2 0 0 0 0 2
n 2 89.75 47 46 65 3
Product Composition, mol%
h 2s 0 0 0 0 0
h 2o 0.5 4 7 7
H: 9.75 50 50 28 28
CO 0 0 0 0 60
c o 2 0 0 0 0 ->
n 2 89.75 47 46 65 3
Product Gas, H2/H2O Ratio
h 2/h 2o 19.5 16.7 12.5 4 4
Product Gas Equilibrium Oxygen Partial Pressure, -log (Po,)
700 °C, 5 atm 21.0 22.3 21.9 20.4 22.1
800 °C, 5 atm 18.9 19.8 19.4 17.5 19.4
The product gas composition in Table 5-1 was calculated based on the 
complete H2S removal via reaction (2-1). The equilibrium oxygen partial pressures 
based on the product gas compositions, which are expressed as negative logarithmic 
values in the table, are compared because sorbent downstream of the reaction front
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would be exposed to the product composition instead of the feed composition. The 
composition o f Gases A and B closely match the equilibrium oxygen partial pressure of 
the Shell gas, while the H20  and H2 contents o f Gas C approximate the actual H20  and 
H2 contents o f the Shell gas. However, in the absence o f CO and C 0 2, the equilibrium 
0 2 pressure of Gas C was considerably larger than that o f the Shell gas, i.e., Gas C was 
less reducing. No pre-reduction was performed in any of the tests in which the feed 
gas contained steam.
Results from tests Ce237s01 using Gas A and Ce238s01 using Gas B along 
with Ce232s01 using Gas N, but otherwise the same sulfidation conditions, are shown 
in Figure 5-9. With the large H2 and small H20  contents, the presence o f H20  had no 
negative impact. The early H2S peak was absent, pre-breakthrough concentrations
50
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Figure 5-9. The Effect o f Steam on Sulfidation
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were slightly smaller —  about 2 ppmv in both Ce237s01 and Ce238s01 compared to 
about 4 ppmv in Ce232s01. The FPD breakthrough times were extended to 195 
minutes from 120 minutes.
The proposed explanation of these results is based on the equilibrium oxygen 
partial pressure exerted by the product gas from each o f these feed gas compositions. 
The sorbent downstream of the sulfidation reaction front was exposed to the product 
gas composition which determined the extent to which CeOi was reduced to CeO„ 
(n < 2) and, consequently, the H2S removal efficiency. Even though Gas N feed was 
H20  free, the H20  produced by the reaction was sufficient to increase the equilibrium 
oxygen partial pressure to a value approximately one order of magnitude greater than 
that o f Gases A and B (see Table 5-1). The absence o f the initial peak, the lower pre- 
breakthrough concentrations, and the extended duration o f the pre-breakthrough period 
in runs Ce237s01 and Ce238s01 are all attributed to the lower oxygen partial pressures.
Results o f tests Ce240s01 and Ce241s01, at 700 and 800 °C, respectively, both 
using gas composition C, are compared in Figure 5-10. While the H20  and Hi contents 
in Gas C were equal to the Shell gas, the absence o f CO and C 0 2 made the equilibrium 
oxygen partial pressure even larger (see Table 5-1). in these tests product gas flow 
was diverted to the TCD immediately after the FPD became saturated, and sulfidation 
was continued to completion. During the FPD portion o f the tests the higher 
temperature produced lower initial H2S concentrations (10 ppmv vs. 70 ppmv) but for 
a shorter time period (20 minutes vs. 40 minutes). Dining the TCD portion o f the tests 
the pre-breakthrough concentration at 800 °C were slightly smaller, but both were in 
the range o f 300 to 400 ppmv. TCD breakthrough time was effectively identical at 450
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minutes in each test, and the estimated fractional cerium conversions at the completion 
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Figure 5-10. Complete (FPD + TCD) Sulfidation Breakthrough Curves 
Using Feed Gas Composition C
5.3. C o n c l u s i o n s
The key to high efficiency desulfurization using cerium sorbent is high 
temperature and a highly reducing gas such as produced in the Shell gasification 
process. Under these conditions C e0 2 is reduced to CeOn (n<2) which is capable of 
removing H2S to concentrations which meet IGCC specifications. The temperature 
and gas composition which are required for high efficiency H2S removal using cerium 
are outside the permissible operating window for zinc-based sorbents. In a Shell gas,
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ZnO would be reduced to volatile zinc vapor at temperatures below the 700-800°C 
level used in the cerium sorbent desulfurization tests.
At 700°C using pre-reduced CeOn, approximately 30% cerium conversion was 
achieved with H2S concentrations in the product gas remaining near the 1 ppmv level. 
An intermediate H2S concentration plateau near 300 ppmv, which is characteristic of 
the C e0 2-H2S reaction, was then observed before final H2S breakthrough occurred 
with cerium conversions approaching 100%. Similar results, except for slightly higher 
initial H2S concentrations of about 5 ppmv, were observed when the sorbent was not 
pre-reduced, i.e., when reduction and sulfidation occurred simultaneously. Even 
though pre-reduction results in lower prebreakthrough H2S levels, 5 ppmv H2S is still 
within IGCC specifications, and pre-reduction may not be necessary.
At temperatures to 850 °C, pre-breakthrough H2S concentrations less than 10 
ppmv were achieved. Although the breakthrough time results from tests examining the 
effect o f pressure were somewhat unexpected, pre-breakthrough concentrations were 
less than 1 ppmv. There is no reason to question the sulfur removal capability of 
cerium sorbent at higher pressures. The comparison of pre-reduction sulfidation and 
simultaneous-reduction sulfidation also showed positive results.
In summary, the results from sulfidation tests show that cerium oxide is an 
excellent sorbent candidate for high temperature desulfurization from highly reducing 
coal gas.
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CHAPTER 6 
EXPERIMENTAL RESULTS OF MULTI-CYCLE TESTS
As stated in Chapter 1, a good sorbent also have reasonable cost. The sorbent 
cost is determined by the cost o f  fresh sorbent divided by sorbent lifetime (number of 
cycles). Obviously, the more cycles (longer life) a sorbent will stand, the less it will 
cost. The most important property associated with sorbent life is thermal stability 
because sintering is the most common effect limiting sorbent life. As a rule o f thumb, 
sintering normally occurs at temperatures above 0.6 of the sorbent melting point in 
absolute scale (Szekely, 1976).
Compared to the first generation zinc-based sorbents, cerium-based sorbents 
are expected to possess better thermal stability because of the higher melting points of 
both CeO: and Ce^O^S, about 2600 °C and greater than 2000 °C, respectively (Kay et 
al. 1993). In addition, unlike zinc oxide, cerium oxide cannot be reduced to volatile 
metal in even the highest reducing coal gas at the highest temperature feasible.
Because of the strong affinity between zinc and sulfur, ZnS can only be 
regenerated using oxygen, which is an extremely exothermic reaction (AH°fm°c = 
-778.8kJ/mol). However, CejOjS, may be regenerated using SO2 , which is only a 
mildly exothermic reaction (z ltf 'W c = -54.30kJ/mol). Therefore, temperature control 
in the CejOiS regeneration with SO2 process is much easier than that in ZnS 
regeneration with oxygen. Consequently, sintering problems can be avoided.
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6.1 T e n -C y c l e  T e s t
A ten-cycle run. C el 16. was conducted to provide preliminary information on 
the durability o f the cerium-based sorbent. The planned reaction conditions for the 
sulfidation and regeneration cycles are presented in Table 6-1. An error in total feed 
rate was made in the first sulfidation cycle, C ell6s01 , and the results from this cycle 
are not included in the following discussion.




Reaction Parameters Sulfidation Regeneration
Temperature, °C 800 600
Pressure, atm 5 1
Feed Composition
%H2S 1 —
% S02 — 12
%h 2 10 —
%n 2 89 88
Total Feed Rate, seem 400 200
HiS breakthrough curves for the remaining nine cycles, C ell6s02  through 
C el 16s 10, are shown in Figure 6-1. Note that the breakthrough curve for C el 16s08 is 
different from the other curves and that curves C ell6s07 , C ell6s09 , and C e ll6 s l0  
show an unexpected concentration upset just before 100 minutes during the active 
breakthrough period. A malfunction in the H2S mass flow controller (MFC) during 
these four sulfidation cycles is thought to be the cause because an unsteady MFC 
reading was observed. The delayed breakthrough for run C ell6 s0 6  may also have 
been caused by the H2S MFC malfunction but without proof. A regular cleaning
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Total flowrate: 400 seem 
Composition: H,S H 
(%) ‘ 1
0 100 200 300
Time (min)
Figure 6-1. Sulfidation Breakthrough Curves o f Ten-Cycle test
procedure was adopted after this multi-cycle test to reduce the chance o f MFC 
malfunction. The cleaning procedure included cleaning or replacement of the flow 
control orifice, o-rings, and the internal valve plunger o f the H2S MFC.
Complete sulfidation in the other cycles was achieved (as indicated by the 
steady-state post breakthrough H2S concentration). Sulfidation in cycle 08 is also 
believed to be complete on the basis o f the results from the subsequent regeneration 
cycle. Due to the H2S MFC malfunction, analysis o f the results o f this ten-cycle test 
focused on the regeneration phase.
The breakthrough curves o f all ten regeneration cycles, C ell6 r01  through 
C el 16rl0, along with a non-reacting S 0 2 tracer test are shown in Figure 6-2. Unlike
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the sulfidation breakthrough curves, the regeneration breakthrough curves are 
effectively identical with the exception of two individual samples —  the first at 17 
minutes in C el 16r03 and the second at 10 minutes in C el 16rl0. The first measurable 
concentration of SO2 , about 1%, was detected after 10 minutes, and by 23 minutes 
regeneration was effectively complete. The steady-state post breakthrough S 0 2 
concentration of the product gas ranged from 11.8% to 12.2%.
1 2
Cycle Tem p. = 6 0 0  °C
P ress. = 1 atm 
— 02
03 Total Flowrate: 2 0 0  seem
6 .00  g CeO- S I  3 .0  g AljOj
—  07
—  08 Com position: S 0 2 N.









200 10 30 40 50 60 70
Time (min)
Figure 6-2. Regeneration Breakthrough Curves o f Ten-Cycle Test
The sulfur material balance, expressed as percent o f stoichiometric sulfur 
liberated during regeneration, is estimated by numerical integration o f the shaded area 
between the non-reacting tracer curve and the breakthrough curves as shown in 
Figure 6-2. The sulfur material balance calculation is based on a TGA test showing
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that the Rhone Poulenc CeOi contains 9% volatile species, or 91% CeCk For the ten 
regeneration cycles, sulfur material balance results and the times, t0.j, at which the SO: 
concentration in the product gas reached 6%, half o f the feed concentration, are shown 
in Figure 6-3. Sulfur material balance closure during regeneration ranged from 94.6% 
in C ell6s03  to 105.7% in C e ll6 r l0  with a ten-cycle average o f 100.9%. t0 .5 ranged 
from 17.2 minutes in C el 16s03 to 18.5 minutes in C e l l6 s l0  with an average of 18.0 
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Figure 6-3. Sulfur Material Balances and to.s o f Ten Regeneration Cycles
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6 .2  T w e n t y -f iv e -C y c l e  T e s t
A twenty-five-cycle sulfidation-regeneration test was carried out during the 
second phase of this study. The sulfidation and regeneration conditions used for this 
test were the same as those used for the previous ten-cycle test (Table 6-1). It should 
be kept in mind that a quartz liner was added inside the pressure vessel and different 
product gas lines were used for sulfidation and regeneration cycles during the second 
phase study to enable very low H2S concentration to be detected. However, only the 
TCD was used for both sulfidation and regeneration phases because the total 
breakthrough curve, rather than minimum prebreakthrough concentration, was of 
primary interest when sorbent durability was tested.
Sulfidation breakthrough curves for the twenty-five cycles along with non­
reacting H2S tracer test results are shown in Figure 6-4. The overall reproducibility is 
quite good with the active-breakthrough portions scattered randomly. The only 
intended variable in the entire test was in the reduction phase, which proceeded each 
sulfidation. The sorbent was pre-reduced at 800 °C and 5 atm in 10% H2/N2 during the 
first 15 cycles. Beginning in cycle 16 and continuing through cycle 25, pre-reduction 
was carried in 100% H2 at 800 °C and 5 atm. The stronger reducing gas had a positive 
impact on the pre-breakthrough phase of the sulfidation cycle, which is shown more 
clearly in Figure 6-5. The concentration scale is expanded to emphasize the pre- 
breakthrough portion o f the breakthrough curves. In the first 15 cycles (excluding 
cycle 11) the first detectable concentration o f H2S appeared in the product gas at times 
equal to or less than 50 minutes. Pre-reduction in 100% H2 delayed the first
105













—•— S01 —— s i t —o — s21
——  s02 — —  s12 — s22
— — S03 — ■—  s13 —m—  s23
—  804 —'■— S14 — a —  s24
— <— sOS — — S15 —*— s25
------- s06 — S16
------- S07 — S17
------- SOS — S18
—  S09 —• — s19
------- s10 — j 20
Temp. = 800 ”C
Press. = 5 atm
CeO,: 6.00 g 
AI;Or  3.0 g
Total Feed Rate: 400 seem 
Feed Composition:
1% H3S; 10%H,; 89% N,.
20 40 60 80
Time (min)
100 120
Figure 6-4. Sulfidation Breakthrough Curves for Twenty-Five-Cycle Test
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Figure 6-5. Pre-Breakthrough Portion o f Twenty-Five Sulfidation Cycles
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appearance o f H2S to the 80 to 90 minute time period. The TCD has the detection 
limit o f about 100 ppmv. The different behavior o f breakthrough curve Ce204sl6 
shown in Figure 6-4 is again blamed on H2S MFC malfunction.
The breakthrough times, to.s, from twenty-four sulfidation cycles (Ce204sl6 
was excluded) are shown in Figure 6-6. tn.s ranged from a minimum of 97 minutes in 
cycle 2 to a maximum of 106 minutes in cycle 17. The twenty-four-cycle average was
101.2 minutes. The sulfur material balances for the twenty-four sulfidation cycles 
(excluding Ce204sl6) are presented in Figure 6-7. The minimum of 95.1% of 
stoichiometric occurred in cycle 1, while the maximum o f 108.5% occurred in cycle 17. 
The twenty-four-cycle average was 101.9%. Results from the overall breakthrough 
curves, t0.5, and sulfur material balance all show good reproducibility in the twenty-five 
sulfidation cycles.
Figure 6-8 shows that regeneration breakthrough curves were also quite 
consistent. The results from Ce204r08 are omitted due to elemental sulfur plugging 
problems. Plugging also occurred in Ce204r06 and Ce204rl0, but regeneration was 
effectively complete before plugging. Similar to the results in the ten-cycle test, the 
first detectable S 0 2, ranging from 0.1 to 1%, occurred after 9 minutes and 
breakthrough was almost complete after 24 minutes. The steady-state post­
breakthrough S 0 2 concentration varied from 11.7% in cycle 18 to 12.3% in cycle 21.
The breakthrough times, t0.s, for twenty-four cycles (Ce204r08 excluded) are 
shown in Figure 6-9. During regeneration, to.j varied from a minimum of 20.6 minutes 
in Ce204r04 to a maximum o f 22.9 minutes in Ce204r06. The twenty-four-cycle 
average was 21.9 minutes.
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Figure 6-7. Sulfidation Material Balances for Twenty-Five-Cycle Test
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Figure 6-9. to . j  o f Regeneration in Twenty-Five-Cycle Test
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Regeneration sulfur material balances are presented in Figure 6-10. Again, 
results from Ce204r08 are omitted due to plugging. The twenty-four-cycle average 
was 98.3% with the minimum of 91.9% in Ce204r05 and the maximum of 109.5% in 
Ce204r06. The averages o f 101.9% in sulfidation and 98.3% in regeneration are 
considered to be closely matched.
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Figure 6-10. regeneration Material Balances for Twenty-Five-Cycle Test
The scatter in the regeneration results is somewhat larger than in sulfidation and 
in the ten-cycle test. The probable explanation is that only 9 or 10 samples were 
analyzed in regeneration compared to about 40 samples during sulfidation. Errors in 
SO2 MFC adjustment may be another cause, which can be seen from the variation of 
the steady-state post-breakthrough SO2 concentration shown in Figure 6-8.
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6.3 C o n c l u s io n s
The results from sulfur material balance and t0 .5 results from the multicycle tests 
are summarized in Table 6-2. The reproducibility o f the average values, 100.9% for 
regeneration in the ten-cycle test, 101.9% from twenty-four sulfidation cycles in the 
twenty-five-cycle test, and 98.3% from twenty-four regeneration cycles in the twenty- 
five-cycle test, are considered quite good. There was no apparent decrease in sorbent 
activity as measured by either breakthrough time or sulfur capacity. Cycle-to-cycle 
variation appeared to be random. In addition, the small standard deviations indicate 
good reproducibility.
Table 6-2. Summary o f Sulfur Material Balances
Run
Sulfur Materia] Balance (%)
Minimum Maximum Average SD
Cel 16s — — — —
C el16r 94.5 105.7 100.9 3.16
Ce204s 95.1 108.5 101.9 3.04
Ce204r 91.9 109.5 98.3 4.66
The results from these two multi-cycle tests are considered to be quite
favorable. The constant slope o f the sulfidation and regeneration curves during active
breaktlirough, the small variation in breakthrough times (to s). and the small variation in
sulfur material balances all suggest that little, if any, sorbent deterioration occurred.
The twenty-five-cycle test results are particularly impressive. During this test, the
sorbent was exposed to a temperature o f at least 600 °C with the temperature being
800 °C for approximately 90% of the fifty-eight day test period. The sorbent was
alternately exposed to pure Hi or Hi/Ni during reduction, Hi/Ni/HiS during
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sulfidation, SO2/N 2 during regeneration, air during reactor cleaning, and N2 purge 
between each phase o f each cycle. The durability o f the sorbent is judged to be 
exceptionally good.
This durability was achieved using a physical mixture o f CeC>2 and AI2O2 
without the addition o f binders or surface area enhancers Pretreatment consisted only 
of hydraulically pressing the CeC^ into tablets, and subsequently crushing and sieving 
the tablets for particle size control. This step was required only because the extremely 
s m a l l  particle size o f the as-received Ce0 2  resulted in excessive pressure drop across 
the sorbent bed. These initial durability results may be contrasted to the years of 
sorbent development research required to develop a zinc-based sorbent having 
satisfactory durability.
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CHAPTER 7 
EXPERIM ENTAL RESULTS USING OTHER C e 0 2 SOURCES
Six additional sources o f CeOj were tested to compare results with the standard 
Rhone Poulenc CeOi, which had been used in all tests described to this point. Three of 
the alternate sorbents, designated MC, MCC1 and MCC2, were obtained from 
Molycorp while the remaining three, WGW1, WGW2, and WGW3, were obtained 
from Gas Desulfurization Corporation and were prepared by Engelhard. Brief 
descriptions of the alternate CeOi sorbents are found in section 7.1.
MC sorbent was used in one four-cycle test in the early phases o f the test 
program when sorbent regeneration performance was of primary interest; the TCD was 
used for product gas analysis during sulfidation and regeneration cycles. Results o f this 
multicycle test are presented in the second section o f this chapter. Other tests using the 
alternate sorbents were carried out in the latter stages o f the test program when the 
FPD was used for product gas analysis and minimum pre-breakthrough H2S 
concentrations were of primary interest. Results from these tests are combined into a 
single section within this chapter.
7.1 Description of Alternate C e0 2 Sorbents
7.1.1 RP Sorbent
CeOi from Rhone Poulenc was used in all tests prior to those described in this 
chapter. No purity data is available for this material. Thermogravimetric analyzer 
(TGA) tests showed that this sorbent contained 9% volatiles, which was assumed to be 
moisture in the sample. Therefore, it should be kept in mind that the amount o f RP 
sorbent (mostly 6.00 grams) in all tests in the previous chapters contained only 91%
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C e0 2. The previous sulfur material balance closure results were calculated based on 
5.45 grams o f CeOi. The as-received C e0 2 powder was hydraulically pressed into 
tablets at 20,000 psi, the tablets were subsequently crushed and sieved with the 150 -  
300 micron particles used in the reaction tests. 6.00 g o f particles were then mixed 
with and 3.0 g o f AI2O3 (Type F-20, 80 -  200 mesh or 75 -  175 microns, provided by 
Sigma Chemical Co.). The surface area o f the fresh sorbent (after tableting, crushing, 
and sieving) was 156 m2/g (Jothi, 1997).
7.1.2 MC Sorbent
C e 0 2 from Molycorp is labeled as containing 96% C e 0 2. The impurities are 
other lanthanum oxides. This sorbent was pressed into tablets which were
subsequently crushed, sieved, and mixed with AI2O 3 in a manner similar to that used for 
Rhone Poulenc sorbent. However, the surface area (after tabletting, crushing, and 
sieving) was only 11 m2/g (Jothi, 1997).
7.1.3 MCC1 Sorbent
Cerium carbonate, Ce2(C0 3)3 , from Molycorp containing 96% Ce2(C0 3 ) 3  
served as the C e 0 2 precursor. The Ce2(CC>3)3  was heated to 200 °C and weighed. 
13.2% weight loss during this heating process is assumed to be H20  from 
Ce2(C0 3 )3«3 H20 , which is the most common cerium carbonate hydrate composition 
(Kilboum, 1992). It was then calcined at 750°C in air in a tube furnace outside the 
reactor. 0.66 grams o f calcined product (presumably C e0 2) were obtained per gram of 
as received Ce2(C0 3 )3«3 H20 . 6.0g o f the calcined product (C e02) was then tableted, 
crushed, sieved and mixed with AI2O3 in a manner similar to that used for Rhone 
Poulenc sorbent. No surface area data is available.
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7.1.4 MCC2 Sorbent
Cerium carbonate from Molycorp served as the CeOi precursor for both MCC1 
and MCC2 sorbents. Pretreatment and preparation procedures differed. lOg of the as- 
received Ce2(C0 3)3*3 H2 0  was tableted, crushed, sieved and then mixed with 3.0 g of 
AI2O 3 and the mixture was calcined inside the reactor at 700 °C in N: to produce 6 .6 g 
of CeOi mixed with 3.0 g o f AJ2O 3. The amount of Ce0 2  is based on measured weight 
loss associated complete calcination o f  Ce2(C 0 3)3*3 H2 0  to 2C e0 2 at 750 °C using the 
tube furnace outside the reactor. Again, no surface data is available. However, it is 
expected the specific surface area is somewhat higher for MCC2 than MCC1 because 
there was no further pressing after calcination.
7.1.5 WGW1 Sorbent
This sorbent was supplied by Gas Desulfurization Corp. and consisted o f 22% 
(wt) CeC>2 deposited on AI2O3 substrate. The as-received sorbent was in the form of 
1/8 -inch diameter spheres which were crushed and sieved to 150 ~ 300 microns for 
use.
7.1.6 WGW2 Sorbent
This sorbent was also obtained from Gas Desulfurization Corp. and was similar 
to WGW1 except that La20 3  as well as C e0 2 was deposited on the AI2O 3 substrate. 
Tne composition (wt.%) was reported to be 18.2% CeOi, 3.8% La2 0 3 , and 78% 
AI2O 3 . This sorbent was also in the form of 1/8-inch diameter spheres, and was treated 
in the same manner as WGW1.
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7.1.7 WGW3 Sorbent
This sorbent was similar to WGW1 except for a higher loading o f 50% C e0 2. 
This sorbent was received as 1/8-inch diameter spheres and was handled in the same 
manner as WGW1. While no surface data are available for any sorbents from Gas 
Desulfurization Corp., relatively high surface areas are expected because o f the AFO3 
substrate.
7.2 M u l t i c y c l e  T e s t  U s in g  MC S o r b e n t
Standard sulfidation and regeneration reaction conditions, shown in Table 6-1, 
were used in this four-cycle test. The TCD was used for product gas analysis during 
both the sulfidation and regeneration cycles.
Figure 7-1 compares the pre-breakthrough portions of the sulfidation 
breakthrough curve from test Cel23s01 (MC sorbent) with data from a test using RP 
sorbent at the same reaction conditions (test C ell6s04). Similar cleaning procedures 
were performed prior to each test. H2S concentrations were equal to or less than 
0.02% (200 ppmv) for the first 30 minutes o f  each test. Thereafter, the H2S 
concentration in test Cel23s01 increased rapidly while the concentration remained 
below 0.02% (300 ppmv) for 80 minutes using Rhone Poulenc sorbent. By the time 
active breakthrough began with Rhone Poulenc C e0 2, the H2S concentration had 
increased to about 0.15% (1500 ppmv) using Molycorp C e0 2.
The complete H2S breakthrough curves for the four sulfidation cycles o f test 
C e l23 are compared in Figure 7-2. All show the same general characteristics with H2S 
concentrations less than 0.02% (200 ppmv) for about 30 minutes, followed by a plateau 
at the 0.1% to 0.2% (1000 to 2000 ppmv) level between 30 and 100 minutes,
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Figure 7-1. Pre-Breakthrough Portion o f Sulfidation Using RP and MC Sorbents
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Figure 7-2. Sulfidation Breakthrough Curves for Four-Cycle Test Using MC Sorbent
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and then final breakthrough to complete sulfidation after about 150 minutes. 
Significantly, the slope o f the curve during the active breakthrough period was 
considerably smaller using MC sorbent. The duration o f the active breakthrough 
period was about 50 minutes using MC sorbent compared to about 30 minutes using 
RP sorbent. There is also an indication of minor performance deterioration over the 
four cycles. Active breakthrough occurred about 10 minutes earlier in cycle 04 than in 
cycle 01. Also, the sulfur material balance, expressed as percent of stoichiometric 
sulfur removed during sulfidation, was relatively constant at 113% in cycle 01 and 
114% in cycle 02, and then decreased to 108% in cycle 03 and to 106% in cycle 04. In 
addition to the experimental errors, the above 100% stoichiometric sulfur material 
balances may be caused by the reaction between H:S and lanthanide oxide which 
existed as an impurity in the MC sorbent.
Figure 7-3 compares the regeneration breakthrough curves from test Cel23s01 
(MC sorbent) with a regeneration curve at the same reaction conditions using RP 
sorbent (test C ell6 r01). The results were similar. No SO2 was detected in the first 
two samples o f both tests. Similar to the sulfidation test results, the slope of the SO2 
breakthrough curve was somewhat smaller using MC sorbent. Results from three of 
the four regeneration cycles o f test C e l23 are presented in Figure 7-4. No results for 
the third cycle are included because o f mass flow controller malfunction. The 
regeneration results were effectively equal with no SO2 detected in the first two 
samples, about 2% SO2 in samples three through five, and complete regeneration by 
sample 8 after 27 minutes. Sulfur material balance results in the three cycles were
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Figure 7-4. Regeneration Breakthrough Curves for Four-Cycle Test Using MC Sorbent
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113% o f stoichiometric, were quite reproducible, and were in reasonable agreement 
with the sulfidation cycles o f this test.
Although the performance o f the MC sorbent in this multicycle test was 
reasonably good, it was somewhat inferior to the performance o f RP sorbent. The 
initial sulfidation breakthrough occurred at an earlier time and the slope o f the active 
breakthrough curve was somewhat smaller during sulfidation and regeneration. The 
probable explanation is the difference in surface areas o f the two sorbents. The surface 
area o f RP sorbent was 156 m2/g compared to 11 n r/g  for MC sorbent.
7.3 S u l f i d a t i o n  T e s t  R e s u l t s  U s in g  A l t e r n a t e  S o r b e n t s
The remaining tests using alternate sorbents were performed during the latter 
stages o f the test program when determination o f the minimum pre-breakthrough H2S 
concentration was o f primary interest. No regeneration tests were included and the 
sulfidation tests were terminated when the FPD became saturated. The sorbent used 
and reaction conditions for each test are presented in Table 7-1. A pre-reduction step 
was included in only two o f the nine tests (Ce228s01 using WGW1 sorbent and 
Ce229s01 using WGW2 sorbent). Sulfidation and, when appropriate, pre-reduction 
temperature was 700°C except in Ce243s01 where the temperature was 800°C. The 
sulfidation feed gas contained 0.25% H2S/10% Hi/balance N2 except in test Ce243s01 
where the feed contained H2 and H20  in proportions equal to those found in Shell gas. 
The feed gas flow rate was either 200 or 400 seem. The quantity o f C e0 2 was variable 
in each test, and, particularly with sorbents WGW1 and WGW2, was significantly less 
than the standard quantity o f 6.0g used in tests with RP sorbent.
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Table 7-1. Summary o f Reduction-Sulfidation Conditions Using Alternate C e0 2 Sorbents
Test Ce226s01 Ce227s01 Ce228s01 Ce229s01 Ce230s01 Ce231s01 Ce235s01 Ce236s01 Cc243s01
Sorbent WGW1 WGW2 WGW1 WGW2 WGW3 MC MCC2 MCC1 WGW2
Ce02, g 2.2 1.8 2.2 1.8 5.0 6.0 6.6 6.0 1.8
La2Oj, g — 0.4 — 0.4 — — — — 0.4
AllOj, g 7.8 7.8 7.8 7.8 5.0 3.0 3.0 3.0 7.8
Pre-Reduction None None Yes Yes None None None None None
Temp., °C - - 700 700 - - - - -
Press., atm - - 5 5 - - — - -
%h2 — - 10 10 - - — — —
% n 2 — - 90 90 - - - — —
Sulfidation
Temp., °C 700 700 700 700 700 700 700 700 800
Press., atm 5 5 5 5 5 5 5 5 5
%H2S 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
%h2 10 10 10 10 10 10 10 10 28.25
%h2o 0 0 0 0 0 0 0 0 6.5
%n 2 89.75 89.75 89.75 89.75 89.75 89.75 89.75 89.75 65
Feed Rate, seem 200 200 400 400 400 400 400 400 400
Results from two tests using WGW1 sorbent are compared in Figure 7-5. No 
pre-reduction step was included in test Ce226s01 and the feed rate was 200 seem. Pre­
reduction was included in Ce228s01 and the feed rate was doubled to 400 seem. 
Without pre-reduction, an early peak in the H2S concentration at 15 ppmv was 
followed by a decrease to about 5 ppmv before FPD breakthrough occurred at 150 
minutes. With pre-reduction the early H2S peak was absent and the H2S concentration 
was near zero for 23 minutes before increasing to about 5 ppmv before FPD 
breakthrough occurred at 55 minutes. Much o f the difference in FPD breakthrough 
times may be attributed to the difference in feed rates.
10.00 g WGW1 Sorbent
Temp. = 700 °C 
Press. = 5  atm
”> 40
EQ. — ■—  200 seem without prereduction — 0—  400 seem with prereduction 
Peed Composition:






Figure 7-5. Sulfidation breakthrough Curves Using WGW1 Sorbent
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The general shapes o f the breakthrough curves in Figure 7-5 are quite similar to 
those shown in Figure 5-9 where results using Rhone Poulenc sorbent with and without 
pre-reduction were compared. Without pre-reduction, an early ITS peak was followed 
by a decrease to 5 ppmv with both sorbents. Pre-reduction eliminated the early peak 
and produced ITS concentrations near 1 ppmv during the early stages o f the run. The 
difference in FPD breakthrough times is due to the different feed rates and different 
quantities o f CeCT in the sorbent charge. With 6.0 g o f Rhone Poulenc sorbent, FPD 
breakthrough at the reaction conditions o f Ce228s01 occurred in about 90 minutes. 
The ratio o f breakthrough times (90/60 = 1.5) is considerably smaller than the ratio of 
quantities of C e 0 2 (6.0 x 0.91/2.2 = 2.5) which suggests more efficient utilization of 
CeOi in WGW1 sorbent prior to FPD breakthrough. This result is reasonable since 
improved dispersion is expected when the CeOi is deposited on the surface of the 
AI2O 3 support.
Similar results for sorbent WGW2 with and without pre-reduction are 
illustrated in Figure 7-6. Once again, different feed rates o f 200 seem and 400 seem 
were used, which accounted for most o f the difference in breakthrough times. With no 
pre-reduction the early ITS peak was followed by an extended period during which the 
ITS concentration was about 5 ppmv. Pre-reduction eliminated the early peak and the 
initial ITS concentration was about 1 ppmv. Comparison of results from Figure 7-5 
and 7-6 suggests that the addition o f LaiCT had no major effect either with or without 
pre-reduction.
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10.00 g WGW2 Sorbent Ce227s01
Temp. = 700 °C 
P ress . = 5 atm
Q. 4 0
— • —  200 seem  w/o reduction 
— 0—  400 seem  with reduction 
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Figure 7-6. Sulfidation Breakthrough Curves Using WGW2 Sorbent
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Figure 7-7. Comparison o f  Sulfidation Using WGW3, RP, and MC Sorbents
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The sulfidation responses o f two alternate C e0 2 sorbents (WGW3 and MC) are 
compared to the standard RP sorbent response in Figure 7-7. No pre-reduction step 
was included and the familiar early H2S peak, ranging from 5 to 35 ppmv, was present 
in each o f the tests. This early peak was followed by a H2S plateau ranging from 1 
ppmv to about 20 ppmv for times ranging between 70 and 150 minutes. The poorest 
pre-breakthrough performance was associated with sorbent WGW3 with a H2S plateau 
of 20 ppmv. The lowest pre-breakthrough concentration o f 1 ppmv occurred using 
sorbent MC. FPD breakthrough times should not be directly compared because o f the 
variable quantities o f C e0 2 in each test, ranging from 5.0 g in WGW3 sorbent to 5.76 g 
in MC sorbent. Dividing the FPD breakthrough time by the mass of C e0 2 provides a 
more realistic basis for comparison. On this basis sorbent WGW3 is the best (140/5 = 
28 min/g C e 0 2) followed, in order, by RP (120/5.46 = 22 min/g C e02) and MC 
(70/5.76 = 12 min/g C e0 2). These results correlate with the accessibility of C e 0 2, with 
the C e0 2 on Al20 3  sorbents showing best performance followed by high surface area 
RP sorbent and with MC sorbent, which had relatively low surface area, exhibiting the 
poorest performance.
Two tests were performed using Ce2(C0 3 ) 2 as the sorbent precursor (sorbents 
MCC1 and MCC2). No pre-reduction step was included and “standard” sulfidation 
conditions were used. Sulfidation results shown in Figure 7-8 were quite similar except 
for FPD breakthrough time. An initial small H2S peak was followed by an extended 
pre-breakthrough period when the H2S concentration was about 1 ppmv. FPD 
breakthrough occurred after about 105 minutes in Ce235s01 and about 80 minutes in
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Ce236s01. The ratio of breakthrough times to sorbent masses (105/6.6 = 16 min/g) 
and (80/6.0 = 13 min/g) suggests that calcination within the reactor increased cerium 
accessibility and produced somewhat better results.
---------- 1---------- 1---------- r -------I------------ ----------- 1---------- ----------- 1---------- >---------- 1---------- >—
— Ce-235s01 (MCC2 Sorbent) .
---- 1-----
S ' — ---- Ce-236s01 (MCC1 Sorbent)
E I
9 - 4 0 Temp. = 700 “CQ . Press. = 5 atm
c
0 No Prereduction
Total Flowrate: 400 seem j j
2 Feed Composition: | ;















/  — m—'■
1
0 20 40 60 80 100 120
Time (min)
Figure 7-8. Comparison of Sulfidation Using MCC1 and Mcc2 Sorbents
The only test using an alternate sorbent with steam added to the feed gas was 
Ce243s01. WGW2 sorbent was used and the steam and hydrogen contents o f the feed 
gas approximated the levels found in Shell gas. The H2S content o f all samples was 
above the FPD saturation limit and no useful results were obtained. Results o f a test 
using the standard RP sorbent (test Ce241s01) at the same reaction conditions were 
presented in Figure 5-10. In that test the initial H2S concentration was about 70 ppmv
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and the FPD saturation limit was exceed in about 25 minutes. While the results of 
Ce243s01 using WGW2 sorbent were somewhat poorer, this result may have been due 
to the small amount o f CeO: in the WGW2 sorbent charge.
7 .4  C o n c l u s io n s
All alternate sorbents performed well in the limited sulfidation tests. With the 
exception o f sorbent WGW3 all were successful in reducing pre-breakthrough f-LS 
concentrations to the 5 ppmv level. The pre-breakthrough concentration in the single 
test using WGW3 sorbent was about 20 ppmv. Variable FLS breakthrough times and 
different slopes during the active breakthrough period may be attributed to the large 
differences in the mass o f initial CeO? and to the different structural properties of the 
sorbents. The addition o f Lai0 3  in sorbent WGW2 did not seem to alter the sorbent 
performance to any significant degree. In the single multicycle test, a four-cycle test 
using sorbent MC, there was evidence o f minor deterioration in performance between 
the first and fourth cycles.
It is clear that efficient sulfidation and regeneration can be achieved using a 
wide variety o f CeO: sources. Further research, therefore, should concentration on 
identifying a low cost, plentiful source o f CeO: in order to minimize the unit sorbent 
cost to improve the economics o f the process.
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CHAPTER 8 
SUM M ARY, CONCLUSIONS, AND RECOM ENDATIONS
The primary purpose o f this research project was to examine C e 0 2 as a second- 
generation desulfurization sorbent, capable o f the direct production o f  elemental sulfur 
during regeneration. Thermodynamic analysis showed that sorbents having the greatest 
affinity with sulfur, including the first generation zinc-based sorbents, could not be 
regenerated with direct production o f elemental sulfur. Cerium-based sorbent was 
identified as having thermodynamic properties uniquely suited to elemental sulfur 
production by the reaction:
Ce20 2S(s) + S 0 2(g) = = >  2C e02(s) + S2(g) 8-1
No side reactions were identified and large concentrations o f elemental sulfur could be 
produced in the product gas. The thermodynamic limitation on the elemental sulfur 
concentration was established by the condensation o f gaseous to liquid sulfur.
Preparation o f Ce20 2S by sulfidation of C e0 2 was necessary since Ce20 2S 
cannot be obtained commercially. The sulfidation is represented by the reaction:
2C e02(s) + H2(g) + H2S(g) = = >  Ce20 2S(s) + 2H20(g)  8-2
The thermodynamic limitation for H2S removal by C e 0 2 is about 1,000 ppmv at 
temperatures below 350 °C, and 800 °C is required to reach the 100 ppmv level in 
Shell gas. 100 ppmv is still well above the 20-ppmv IGCC target. Therefore, a two- 
stage desulfurization process, using zinc-based sorbent as a polishing step, was 
proposed (Zhang, 1997).
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Prebreakthrough H2S concentrations lower than C e 0 2-H2S thermodynamic 
equilibrium values were reported by Meng and Kay (1987) at temperatures of 870 to 
1020 °C and were also observed in this study at temperatures o f 650 to 850 °C, both 
using highly reducing experimental gases. Reduction o f C e0 2 in reducing gases at high 
temperature, which split the sulfidation reaction (9-2) into the following two steps, is 
believed to be the reason:
CeO:(s) + (2-n) H2(g) = = >  CeO„(s) + (2-n) H20(g)  8-3
2 CeOn(s) + H2S(g) + (2n-3) H2(g) = = >  Ce20 2S(s) + 2(n-J) H20(g)  8-4
A more complete examination o f the literature showed that under appropriate 
conditions C e0 2 could be reduced to non-stoichiometric CeO„ (n < 2) with the value of 
n dependent on temperature and the reducing power of the gas. Although reliable 
thermodynamic data for CeOn were not available, thermodynamics o f H2S-CeOn 
equilibrium was approximately estimated using two alternate methods. There were 
reasons to believe that H2S removal using CeO„ would be significantly better than 
C e0 2.
8.1 S u m m a r y  o f  E x p e r im e n t a l  R e s u l t s
8.1.1 Regeneration o f Ce20 2S
C e0 2 was sulfided to Ce20 2S under standard reaction conditions so that the 
effect o f regeneration reaction parameters could be studied. Thermodynamics permits 
complete Ce20 2S regeneration at temperatures to 700°C with less than 30% excess 
S 0 2. Experimental results on the regeneration o f Ce20 2S were quite favorable. 
Regeneration was rapid and complete over the temperature range o f 500 to 700°C.
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600°C was chosen as the standard regeneration temperature and the effects o f the SO: 
content of the feed gas (1% to 20%), pressure (1 to 8 atm), and feed gas flow rate (100 
to 800 seem corresponding to space velocities about 1,000 to 8,000 h r 1) were 
examined. All sulfur produced during regeneration was in elemental form.
The major experimental problem was found to be sulfur condensation and 
subsequent plugging o f reactor product lines. A system in which the sulfur condenser 
was supplemented by a combination o f filters was developed to reduce the 
condensation and plugging problem to manageable limits. Another problem faced in 
the experimental phase was the low SO: vapor pressure which limited the tests to low 
pressures. These problems, however, can be overcome easily in commercial processes.
Overall, all results from Ce^OiS regeneration using SO2 were extremely 
favorable. The rate of the regeneration reaction coupled with the large concentration 
o f SO2 in the feed gas are sufficient to insure that sorbent regeneration time is small 
compared to sulfidation time. That is, sorbent circulated at a rate determined by the 
sulfidation step could be easily regenerated in the allotted time.
8.1.2 C e0 2 Sulfidation
Both experimental data reported by Meng and Kay (1987) and approximate 
thermodynamic estimation o f H2S-CeO„ (n < 2) equilibrium suggested great potential 
for H2S removal using reduced cerium oxide. Indeed, pre-breakthrough H2S 
concentrations o f about 1 ppmv were measured using CeO„ in the temperature range of 
650 to 700°C. However, significant reduction o f CeC>2 is possible only in highly 
reducing gases such as the product from the Shell gasification process. Experimental
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tests using gas compositions which simulated the reducing power o f the Shell gas, but 
not containing either CO or CO2 , produced pre-breakthrough H2S concentrations in the 
2 to 5 ppmv range at 700°C. Experimental duplication o f the composition o f the Shell 
gas was not practical because of the strong tendency for carbon deposition during feed 
gas preheat.
The sulfidation reaction was rapid and complete over the temperature range of 
600 to 850 °C with approximately 30% cerium conversion achieved and 
prebreakthrough H2S concentrations in the range of 1 to 5 ppmv. This was followed 
by an intermediate H2S concentration plateau in the range o f 100 to 500 ppmv. Final 
H2S breakthrough occurred with cerium conversion approaching 100%. 700 and
800°C were chosen as the standard temperatures for examining the effects of 
composition, pressure, feed rate, and alternate sorbent sources. Five feed gas mixtures 
(see Table 5-1), with and without steam, were tested. The presence o f steam affects 
H2S removal in two ways: first, as a product in reaction (9-4) steam has a direct effect 
on H2S equilibrium; second, steam has an effect on equilibrium oxygen partial pressure 
which determines the degree o f C e0 2 reduction and, as a consequence, has an effect on 
H2S removal efficiency. Sulfidation was tested at different pressures: 5, 10, and 15 
atm. Little pressure effect was observed when 5 and 10 atm tests were compared. The 
results from 15 atm tests were unexpected, which may have been caused by mass flow 
controller malfunction. Total feed rates from 200 to 800 seem at 5 and 10 atm were 
tested and the results were all consistent with theory. Sulfidation tests using cerium 
oxide with and without pre-reduction were also compared. An improvement in H2S
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removal was observed using pre-reduced sorbent. However, the H2S content of the 
product gas with and without pre-reduction o f C e 0 2 was less than 20-ppmv, the IGCC 
target level.
The majority o f the experimental tests used C e0 2 obtained from Rhone Poulenc 
physically mixed with AI2O3 as the sorbent charge. In addition, C e0 2 from five other 
sources was subjected to limited testing. The alternate materials included lower surface 
area C e0 2 from Molycorp, Ce2(C0 3 > 3  from Molycorp which was calcined to C e0 2 
prior to sulfidation, and three sorbents supplied by Gas Desulfurization Corp. in which 
C e0 2 was deposited on an AI1O3 support. These sorbents had been prepared by 
Engelhard Corp. and were composed of varying proportions o f C e0 2 on A12C>3 and in 
one case a mixture of C e0 2 and La2C>3 on AI1O3. Although results of individual tests 
were highly variable, all alternate sorbents were capable o f removing H2S with high 
efficiency. Performance differences were attributed to differences in C e0 2 loading and 
structural properties such as surface area.
In summary, the results from sulfidation tests show that cerium oxide is an 
excellent candidate for high temperature desulfurization. When used with highly 
reducing coal gases, cerium oxide is capable o f meeting the 20-ppmv IGCC target level 
in a single-stage process. Pre-reduction o f the sorbent may improve its initial 
desulfurization performance but is not a necessary step.
8.1.3 Sorbent Durability Tests
Sorbent durability is a key factor in determining the commercial attractiveness 
o f any potential sorbent. Three multicycle tests consisting o f from 10 to 25 complete
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sulfidation-regeneration cycles were carried out to obtain preliminary information on 
sorbent durability. Results were quite favorable and there were no indications of 
sorbent deterioration in any o f the tests. Results from the 25-cycle test were 
particularly impressive. This test extended over fifty-eight days, during which time the 
sorbent was continually exposed to a temperature o f at least 600°C with the 
temperature being 800°C for about 90% o f that time. The sorbent was alternately 
exposed to a HVN2 atmosphere during reduction, H2S/H2/N 2 during sulfidation, SO2/N2 
during regeneration, air during reactor cleaning and N2 purge between each phase. 
Cerium oxide appears to possess excellent thermal and chemical stability.
8.2 C o n c lu sio n s
The experimental study showed Ce02 to be an excellent candidate for a second- 
generation high temperature desulfurization sorbent. The attractive features o f cerium 
oxide include:
• Capable o f direct elemental sulfur production during regeneration;
• Capable o f removing H2S from highly reducing coal gas to the 20-ppmv IGCC 
target level in a single stage process;
•  Potentially highly durable;
•  Available in large quantity with reasonable price.
8.3 R e c o m m e n d a t io n s  fo r  F u tu re  W o r k
The ultimate purpose o f developing new sorbents is commercialization. To 
achieve this goal, further investigations o f cerium oxide as a high temperature 
desulfurization sorbent are required.
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•  Commercial sorbent possessing proper mechanic strength, and particle 
geometry must be developed. Commercial sorbents are usually prepared using 
binders or supports to impart certain physical and chemical properties.
•  The literature (Trovarelli et al., 1997) shows that CeO: doped with Z r0 2 or 
other lanthanide oxides may be reduced to CeO„ more easily. This property 
may allow the cerium-based sorbent to be used in medium reducing coal gases. 
Therefore, the sulfur removal capacity o f doped cerium-based sorbents should 
be investigated.
•  Since the commercial desulfurization process requires continuous operation, a 
fluidized-bed or moving-bed reactor will probably be used. Therefore, the 
effects o f temperature, pressure, feed rate, feed composition on sulfidation and 
regeneration using a larger-scale fluidized-bed or moving-bed reactor should be 
studied.
• Extended durability tests are needed to evaluate the economics of C e0 2 in a 
high temperature desulfurization process.
• Mathematical modeling o f the process using the commercial sorbent and the 
appropriate type of reactor is desired for designing the commercial reactor.
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